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Molecular recognition can be briefly described as the capability of a host molecule to 
bind its specific ligand molecule through some forms of non-covalent interaction. 
Over years, extensive studies had been performed to investigate this recognition 
property and as a result, much understanding on the mechanism was derived. The 
biological importance of molecular recognition is well illustrated by its role as a main 
driving force for numerous biological processes that take place in living organisms. 
On the other hand, commercially, such property could be developed into valuable 
technologies for application in fields like analytical chemistry, bioseparation and 
catalysis. This seems especially important with the rapid growth of biopharmaceutical 
industry. 
 
However, in spite of their great versatilities, biomolecules are inherently fragile and 
they can be easily denatured under extreme conditions of temperature and pH. In 
addition to that, their high cost of production may cause their applications in some 
areas to be economically unfeasible. In recent decades, this has inspired chemists and 
engineers into developing mimicking synthetic materials that can overcome the 
inherent limitations of antibody molecules.  
 
Molecular imprinting is a state-of-the-art technique for preparing mimics of natural, 
biological receptors. It can be used to impart pre-determined molecular recognition 
property onto synthetic materials such as polymers. Much success has been achieved 
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with small molecules through the traditional method of bulk molecular imprinting. 
However, such approach, though simple, is not suitable for large molecules like 
proteins and oligosaccharides due to the inaccessibility of the imprinted binding sites 
to these bulky molecules. In addition, the crude post-treatment tends to produce 
imprinted polymer of inconsistent quality. Most of all, for its poor thermal dispersion, 
bulk polymerization is not suitable for industrial-scale application.  
 
In this project, we had developed an imprinting polymerization system that can 
overcome the limitations posed by the conventional imprinting methodology for 
protein imprinting. Miniemulsion polymerization had been chosen for this purpose 
while methyl methacrylate and ethylene glycol dimethacrylate were employed as the 
functional and cross-linking monomer respectively. On the earlier part, much effort 
was spent on understanding and optimizing the polymerization system for protein 
imprinting. Subsequently, protein surface-imprinted nanoparticles were successfully 
prepared through the modified, optimized miniemulsion polymerization system. The 
imprinted nanoparticles displayed significant molecular selectivity in an aqueous 
environment. One of the advantages of miniemulsion protein imprinting is that the 
system offers the option of incorporating desired property into the imprinted particles. 
Thus, in this contribution, we had imparted a superparamagnetic property into the 
protein-imprinted beads. This further widened the potential scope of application for 
the material in fields like magnetic bioseparation, bioimaging and cell labeling.  
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Molecular recognition covers a set of phenomena that may be more precisely but less 
economically described as being controlled by specific non-covalent interactions. It 
has many crucial roles in biological systems and thus much modern chemical research 
is motivated by the prospect that molecular recognition by design could well lead to 
the development of new technologies. For such biological recognition, the inherently 
fragile nature of biomolecules and their associated high cost of production and 
purification provide further motivations for chemists and engineers to develop 
designed synthetic receptors. Among the wide spectrum of research effort, molecular 
imprinting has emerged to be the most promising answer to that call.  
 
Molecular imprinting is a state-of-art technique for the preparation of synthetic 
materials with pre-determined, antibody-like selectivity. This field of study has been 
receiving wide recognition and research interests over the years. Today, molecularly 
imprinted polymer (MIP) is routinely synthesized in many laboratories using the 
traditional bulk imprinting methodology. With its ease and low-cost production of 
antibody mimic that is robust and reusable, the technique has realized the long-time 
dream of many. However, the inherent limitations associated with the conventional 
approach of molecular imprinting simply mean that more research effort would be 
necessary. First of all, with traditional molecular imprinting, bulky imprinted polymer 
is obtained where post-treatments like grinding and sieving will be required. This 
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tends to give rise to significant material wastage and produce irregular, sharp-edged 
polymeric bits where their applications in certain areas will be restrained. Secondly, 
with the creation of imprinted cavities within the polymer bulk, limited diffusion is 
often encountered for the removal and rebinding of template molecules. This is 
especially important for the imprinting of macromolecules like proteins and 
oligosaccharides. Thirdly, most of the bulk imprinting polymerizations and rebinding 
studies had been performed in non-polar organic solvents like chloroform and n-
hexane. This may lead to incompatibility for the imprinting of sensitive biological 
molecules like proteins. The list will not end without mentioning that the 
conventional approach is unsuitable for industrial application due to the poor thermal 
dispersal. 
 
In response to these issues, through this PhD research, we have worked on the 
development of a new strategy and technique for the molecular imprinting of protein 
macromolecules. The main considerations include (1) the compatibility of the 
imprinting system with the template protein molecules; (2) the imprinted polymer 
should address the issue of limited diffusion that is often associated with the 
imprinting of macromolecules and (3) the viability of the imprinting system for 
industrial scale-up. In this work, miniemulsion polymerization had been employed as 
the primary imprinting polymerization system for the preparation of surface-
imprinted polymeric beads. Miniemulsion polymerization is a polymerization 
technique that can routinely produce monodispersed particles of sizes between 50-500 
nm. The strong propensity of water-soluble protein molecules to be bound and 
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adsorbed to the water-oil phase boundary formed by the surfactant micelles is made 
use of to prepare surface-imprinted polymeric nanoparticles. It was also hypothesized 
that imprinted particles with sizes in the nano-range would provide large surface area 
for template molecular uptake. Most of all, with excellent heat transfer property, 
miniemulsion polymerization system is extremely suitable for industrial application.  
 
This thesis focused on the investigative work that had been conducted to develop 
miniemulsion polymerization as a viable protein-imprinting system. In the early part, 
much research effort was spent on studying and optimizing the various parameters of 
the miniemulsion polymerization system to ensure its compatibility with the 
inherently fragile template protein molecules. Based on the study, the polymerization 
system was modified and applied to imprint protein molecules of varying properties. 
From the attempt, more understanding on the mechanism of miniemulsion 
polymerization for protein imprinting were derived and protein surface-imprinted 
polymeric nanoparticles that displayed significant molecular selectivity in an aqueous 
medium were successfully prepared. Following that, a desired magnetic property 
known as superparamagnetism was imparted onto the protein-imprinted particles to 
enhance and widen the scope of potential applications for the material in areas like 
bioseparation, bioimaging and cell labeling. Due to different inherent properties of 
proteins, it was within our expectation that no proteins behave similarly in a 
miniemulsion polymerization system and thus, in some cases, the template protein 
molecules could not be imprinted successfully through the direct application of 
miniemulsion polymerization. In response to that, an alternative approach of protein 
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surface imprinting that is based on surface immobilization of template protein 
molecules and use of a 2-stage core-shell miniemulsion polymerization was put 
forward and employed. Finally, some preliminary work was performed to lay the 
foundation for future work that could probably be of interest.  
 
Hypothesis 
From the rationale above, it is therefore hypothesized that the tendency of protein 
molecules to adsorb and be bound to the oil-water interface can be used as a means 
for protein surface imprinting via miniemulsion polymerization. Besides that, the high 
surface area to volume ratio of nano-sized imprinted particles will provide a 
sufficiently high template protein loading capacity for practical applications. Lastly, 
miniemulsion polymerization can be employed as an approach for incorporating 
desired property (for example, superparamagnetism) into the imprinted beads. 
 
Objectives 
To test the hypothesis, the specific objectives of this thesis include: 
- To study, understand and optimize the miniemulsion polymerization system 
for its application in protein imprinting. 
- To illustrate the applicability of miniemulsion polymerization as an effective 
protein surface imprinting system. 




- To adopt an alternative approach of surface imprinting for proteins which 
cannot be imprinted directly via the direct application of miniemulsion 






2.1 Molecular imprinting 
How do two or more molecules recognize one another? This long-standing question 
has driven numerous experimental and theoretical studies that probe the nature of 
such property at the level of intermolecular interaction As a result, the forces between 
molecules are currently well understood but the issue of how do these various forces 
work in a synergistic manner to induce selectivity still remains unanswered. 
Molecular recognition, in brief, refers to the specific interaction between two or more 
molecules through non-covalent interaction such as hydrogen bonding, metal 
coordination, hydrophobic forces, Van der Waals forces, Π-Π interactions and 
electrostatic effects (Gellman, 1997; Haslam, 1998). It plays an important role in 
biological systems and is the main mechanism driving essential biological processes 
like the strong binding of an antibody to its antigen (Amit et al., 1986), the sequence 
specific binding of a protein to DNA (Saenger, 1984) and the selective stabilization of 
a transition state in an enzyme-catalyzed reaction (Kraut, 1988), just to name a few. 
In addition to its biological significance, this recognition property has also been 
widely applied in normal laboratory routines for analytical, separation and catalytic 
purposes. In spite of its versatility, there are existing limitations with these 
biomolecules. Their fragile, sensitive nature makes them vulnerable to extreme pH 
and temperature conditions. On top of that, the high cost of production has made their 
applications in some areas economically unfeasible. Thus for years, this has inspired 
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many research into developing synthetic equivalents to the function of biological 
recognition. 
 
When Emil Fischer put forward his first lock-and-key model for molecular 
recognition in 1894, it is probably beyond his anticipation that in years to come, 
chemists would be able to produce fully synthetic systems of this kind. It took almost 
100 years until completely artificial complexes were developed, in which a receptor 
(host) molecule complexes with a ligand (guest) molecule in the way that Fischer 
believed to be the basis of enzymatic functioning mechanism. One of the first 
examples of synthetic molecular recognition was the ion binding behaviour of 
polyethers reported by Pedersen in 1967 (Pedersen, 1967). This discovery had 
resulted in intensive research in the use of electrostatic forces for selective interaction 
in aqueous solutions by crown ethers and polyammonium derivatives. Since then, the 
interest being expressed in this field of research, which is known as host-guest 








Figure 2.1 Schematic illustration of the principle of molecular imprinting. 
 
 
Today, countless groups over the world are synthesizing host receptors with intricate 
binding properties for a large array of targets by exploiting weak intermolecular 
forces and molecular imprinting has been widely recognized as the most promising 
technique for the purpose. According to Nicholls (Nicholls and Rosengren, 2002), 
“molecular imprinting is a technique which involves the formation of binding sites in 
a synthetic polymer matrix that are of complementary functional and structural 
character to its ‘substrate’ molecule”. The principle of molecular imprinting has been 
widely illustrated in other reviews (Whitcombe and Vulfson, 2001; Lei and Mosbach, 
2001; Ramström and Ansell, 1998; Quaglia et al., 2004) and Figure 2.1. In brief, in 
_____________________________________________________________Chapter 2 
 9
the application of the technique, a functional monomer and a ‘substrate’ molecule, 
which is known as the template, are allowed to interact and complex in the pre-
polymerization mixture through two major forms of interactions, namely, covalent 
and non-covalent. In the covalent approach, the template and the functional 
monomers are covalently, either reversible or irreversible, linked in the pre-
polymerization mixture. This strong interaction will ensure the formation of highly 
specific binding sites. However, much difficulty will be faced during the removal of 
template and extra efforts would need to be dedicated to the search for novel 
functional monomer in the formation of covalent bonds. As for the non-covalent 
strategy, prior to polymerization, the template and the functional monomer are 
allowed to complex through ionic, hydrophobic, hydrogen or Van der Waals forms of 
interaction. Such interactions will not be as strong as in the case of covalent bonds; 
however, for its sufficiently satisfactory imprinting efficiency, convenience and ease 
of template removal, non-covalent approach remains as the popular, mainstream 
methodology for molecular imprinting. Subsequently, the pre-polymerization 
imprinting mixture will be polymerized in the presence of a cross-linker monomer, 
which serves to strengthen and fix the positions of the functional moieties for the 
creation of the complementary binding sites. Upon the completion of the 
polymerization reaction, the imprinted polymer will be washed repeatedly for 





In comparison to their biological counterparts, other than possessing antibody-like 
molecular selectivity, the major advantages of molecularly imprinted polymers (MIPs) 
include reusability, physical robustness, high strength, resistance to elevated 
temperatures (Nicholls et al., 1995) and pressures, inertness to acids, bases, metal 
ions and organic solvents, low cost of production and ease of preparation.  
 
2.1.1 Traditional bulk imprinting 
Currently, the most commonly applied methodology for molecular imprinting is the 
monolithic approach, where MIPs are prepared in bulk and are subsequently ground 
and sieved to the desired sizes (Kirsch et al., 2000; Sellergren et al., 1988; Andersson 
et al., 1999; Huang et al., 2005). Since polymerization reaction is exothermic in 
nature, its application at an industrial scale will result in the release of an enormous 
amount of thermal energy. With its poor heat dispersal, the conventional 
methodology of molecular imprinting is not a viable industrial process as its 
application can cause an accumulation of the heat generated during the reaction, thus 
posing problems on the choice of materials for the reactors and safety-related issues. 
Hence, despite being a convenient approach, the conventional bulk imprinting system 
is only suitable for academic study. In addition, the crude post-treatment tends to 
produce sharp-edged, irregular polymeric bits and this compromises the consistency 
and the quality of the material, thus limiting its application in areas like 
chromatography and solid-phase extraction. Finally, the poor accessibility of the 
imprinted cavities which are often created within the polymer bulk is a major problem 
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with this method. This is especially significant for the imprinting of macromolecules 
like oligosaccharides and proteins. 
 
2.1.2 MIPs with controlled morphology 
As mentioned earlier, through the conventional molecular imprinting methodology, 
where grinding has often been applied as the post-treatment, the resultant MIPs are 
irregular and large wastage of the material is always an issue of concern. In addition, 
the incompatibility of the system for industrial application has also been an obstacle 
to overcome. Thus recent research has focused on developing molecular imprinting 
polymerization systems that are amenable to mass production, or in producing MIPs 
with controllable shape and size distribution. The main reason is that with controlled 
morphology, the potential scopes of application for MIPs can be increased 
significantly. In most of these work, the knowledge and good understanding of 
common methods to prepare polymeric beads is extended to the fabrication of MIPs 
in the spherical form. 
 
Regularly shaped MIP beads have been commonly prepared by using suspension 
polymerization. The templates that are suitable for this system include metal ions 
(Andaç et al., 2006), drugs (Ansell and Mosbach, 1998) and proteins (Pang et al., 
2006). This system can be adjusted to prepare relatively monodispersed MIP 
microspheres with sizes ranging from a few to hundreds of micrometers. The biggest 
advantage of this method is its excellent heat dispersion which makes it suitable for 




Another common method of preparing spherical MIP particles is by precipitation 
polymerization, which was first proposed by Ye et al. (Ye et al., 2000). Starting with 
a very dilute monomer solution, highly cross-linked polymeric microgel precipitate 
out after polymerization due to their low solubility in the solvent. The technique had 
been carefully optimized and studied, demonstrating the flexibility of adjusting the 
sizes of the beads by varying the polymerization conditions (Yoshimutsu et al., 2007). 
This approach offers an efficient methodology for preparing MIP beads in high yield 
and for a wide range of applications. However, as the monomer should be soluble in 
the solvent while the resulting MIP gel beads should not be, careful optimization of 
the system in terms of the monomer type and concentration is required. In addition, 
aggregation of the MIP beads could occur resulting in poor particle yields. This 
technique can also be employed to prepare MIP nanospheres (Ciardelli et al., 2004). 
These nanobeads can either be used directly as a packing material in capillary 
electrochromatography (Spégel et al., 2003), or they can be loaded onto a membrane 
(Ciardelli et al., 2006) for template extraction. 
 
Regular imprinted polymeric particles can also be prepared through the use of pre-
formed beads. Ready-made porous silica or trimethylol propane trimethacrylate 
(TRIM) beads are used as porous support for the imprinted polymer. The beads are 
mixed with an imprinting mixture and some time is given for the mixture to penetrate 
into the pores of the solid support, after which the polymerization reaction would be 
initiated. The main advantage of this method is its convenience. It is effectively 
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similar to the bulk polymerization and the bulk polymer recipes or any optimization 
works that has been performed can be directly transferable. However, the high cost of 
the preformed beads and the reduction of the imprinted volume due to the presence of 
the beads are factors that have to be taken into consideration. An illustration of the 
application of the approach was by Plunkett and Arnold, who imprinted bis-imidazole 
molecule on the pores of 10 µm Lichrosphere beads based on metal-chelate 
interactions (Plunkett and Arnold, 1995). Reasonable imprinting efficiency was 
achieved in the investigation. 
 
Besides the methods mentioned above, other less common approaches for spherical 
MIPs preparation include 2-step swelling and polymerization (Kudo et al., 2003), 
miniemulsion polymerization (Vaihinger et al., 2002) and novel micelle formation 
based on diblock co-polymers (Li et al., 2006). 
 
2.1.3 Molecular imprinting of protein macromolecules 
Molecular imprinting technology has gained considerable momentum in its 
development since 1990, as witnessed by the increase in the number of publications 
on the related field. Protein imprinting has been a focus of research for many 
chemists and engineers working in the field of molecular imprinting. This is because 
the successful creation of synthetic polymers that can recognize proteins, though 
being very challenging, is extremely rewarding, with potential applications in 
medicine, proteomics, biosensing and drug delivery. To date, myriads of compounds 
have been exploited in molecular imprinting. They include drugs (Andersson, 1996; 
_____________________________________________________________Chapter 2 
 14
Bengtsson et al., 1997), peptides (Kempe and Mosbach, 1995; Titirici and Sellergren, 
2004), metal ions (Matsui et al., 1996), nucleotides (Tsunemori et al., 2002) and 
hormones (Whitcombe et al., 1995). Successful results had been obtained with small 
molecule templates whereas for macromolecules like proteins, only limited success 
was observed. The first report of protein imprinting was published in 1985 and since 
then, not many other related investigative efforts had been reported. This could be 
attributed to the inherent properties of the template molecules. First of all, most 
proteins are water-soluble compounds and there may be issues of solubility with the 
mainstream molecular imprinting methodology where organic solvents are mainly 
used as porogens for the imprinting polymerization systems. Secondly, proteins are 
molecules with very flexible structures that can be changed easily by environmental 
conditions (Bossi et al., 2007). In addition, through the classical monolithic approach 
of imprinting, the removal and rebinding of the macromolecular templates, due to 
their large sizes, will be impeded by the 3-dimensional polymer network. The mass 
transfer process is thus highly restricted and this results in the loss of some high 
affinity binding sites that are found within the bulky polymer network. Nevertheless, 
some work on protein imprinting by this typical approach can be found (Huang et al., 
2005; Tsai and Syu, 2005).  
 
To circumvent the issue of limited accessibility of binding sites for macromolecules, 
a strategy known as surface imprinting has been put forward by some research groups. 
As the name suggests, the notion behind this imprinting technique is to create binding 
sites on the surface. This will enhance both the template removal and rebinding 
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processes. An illustration of such strategy is the work carried out by Shi et al. (Shi et 
al., 1999). They used radio-frequency glow-discharge (RFGD) plasma deposition to 
form thin films of fluoropolymers around mica-immobilized proteins coated with 
disaccharide molecules. The interaction between the proteins and the disaccharide 
layer was mainly hydrogen bonding. The disaccharide molecules became covalently 
linked to the polymer layer upon deposition and after the removal of the mica support 
and the template proteins, disaccharide cavities that displayed selective recognition 
for the template proteins were created. Proteins like bovine serum albumin (BSA), 
Immunoglobulin G (IgG), fibrinogen, lysozyme (Lys) and ribonuclease A (RNase A) 
had been used as templates in the investigation. This process is known as micro-
contacting and is illustrated in Figure 2.2. In another investigation by Kempe et al. 
(Kempe et al., 1995), a metal-binding monomer, N-(4-vinyl)-benzyl imonodiacetic 
acid, was firstly allowed to interact with the imidazole group of the surface-exposed 
histidines of RNase A. This resulted in coordination of the Cu2+ ions on the monomer. 
Then silica particles derivatised with methacrylate groups were added and the 
polymerization was initiated. The template RNase A was subsequently removed. This 
created an imprinted stationary phase with selective recognition towards RNase A. 







Figure 2.2 Micro-contact patterning approach for protein imprinting (Shi et al., 1999). 
 
 
Other than surface imprinting, there were other attempts of protein imprinting. One 
notable work was that performed by Rachkov et al. (Rachkov and Minoura, 2001). In 
their investigation, instead of imprinting the entire protein molecule, they imprinted 
just a small peptide fraction of the protein. This short peptide is the epitope of the 
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protein. It was proposed that the epitope represented the protein molecule and the 
imprinted polymer would be able to bind the protein specifically by recognizing the 
epitope representing it. In this case, only the short peptide chain, the epitope, would 
be adsorbed onto the binding sites and the problem of limited accessibility could be 
avoided. Then Titirici et al. (Titirici and Sellergren, 2004), based on this epitope 
approach, carried out further work by synthesizing the epitope peptide chain on 
porous silica particles. Monomers, cross-linkers and initiators were then filled into the 
pores of the silica particles where polymerization was initiated. After that, the 
template-immobilized silica was removed and this produced spherical peptide-






Figure 2.3 Metal-ion mediated protein imprinting on methacrylate-derivatized silica 





Some investigations on protein imprinting involve the preparation of protein 
imprinted polyacrylamide (PA) gel. Acrylamide (Am) is chosen as the functional 
monomer for its feasibility of hydrogen bond formation with the template protein 
molecules. On top of that, PA gel is inert, biocompatible and with its hydrophilic 
nature, non-specific adsorption of the imprinted material can be largely reduced. 
Traditionally, the imprinted PA gel for proteins is prepared with the use of N, N’-
methylene-bisacrylamide as the cross-linker monomer and this was first illustrated in 
the work by Liao et al. (Liao et al., 1996) for the imprinting of proteins like RNase A, 
Lys and myoglobin. The imprinted material displayed favorable binding affinity and 
high recognition abilities for the template protein molecules, illustrating the 
feasibility of PA gel as a protein-imprinted polymeric matrix. Nevertheless, more 
improvements would be necessary to overcome some inherent limitations of the 
material. A significant problem with PA gel is its softness and insufficient mechanical 
strength. In response to that, Guo et al. had employed macroporous chitosan beads as 
the matrix for the imprinted material (Guo et al., 2004). The chitosan beads were 
impregnated with the imprinted PA gel, thus giving the material mechanical stability 
and favorable recognition properties for template BSA. As PA gel is neutral, in order 
to further enhance the selectivity of the imprinted gel, ionic functional co-monomers 
had been employed in the imprinting polymerization so as to impart the ionic 
property to the imprinted polymer for ionic interaction. Some commonly use co-
monomers include acrylic acid (AA) and methacrylic acid (MAA). Related work had 




Molecular imprinting has proved to be an effective approach to mimic nature and 
prepare synthetic receptors for different types of molecules. The current focus is on 
the imprinting of macromolecules like proteins where success has been limited so far. 
Surface imprinting and some novel approaches have given a new dimension to this 
area of research but certainly there is much more to be done. For example, protein 
recognition by the imprinted polymer in the native aqueous surrounding has 
continued to be a challenge. The crux of the difficulty lies on the possible interference 
and disruption of the monomer-template hydrogen interaction by water (Turner et al., 
2006). In view of this, hydrophobic interaction, though less specific, may possibly be 
more a more suitable form of interaction for protein imprinting in water. 
 
2.1.4 Emulsion polymerization for molecular imprinting 
Emulsion polymerization involves the dispersion of monomers in a continuous phase 
and the stabilization of this dispersion by a surfactant or an emulsifier. Surfactants are 
chemical compounds that are amphipathic, which means that they contain both 
hydrophobic (usually long hydrocarbon chains) and hydrophilic (ionic or polar) 
groups. The most common ionic surfactants are soaps (like sodium oleate), 
hexadecyl- (or cetyl-) trimethylammonium bromide (CTAB) and sodium 
dodecylsulfate (SDS). When the amount of surfactant added into water is higher than 
the critical micelle concentration (CMC), the hydrophobic part (“tail”) of the 
surfactant molecules will come together and their polar “head” will point towards the 
aqueous continuous phase, forming micelles. The micelles thus separate the water and 
the oil phase in an emulsion. In a typical oil-in-water (o/w) pre-polymerization 
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emulsion, the monomers, being organic, are mostly found in the micelles while a 
small amount will form monomer droplets in the water phase. When a water- or oil-
soluble initiator is added in, they will enter the micelles and initiate the 






Figure 2.4 Molecular imprinting of nucleotides at the oil-water interface (Tsunemori 
et al., 2002). 
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One of the advantages of emulsion polymerization is its high polymerization rate and 
superior heat dispersal capability for its low viscosity of the continuous phase 
throughout the whole reaction. Therefore, emulsion polymerization has been 
industrially viable for many years. In addition, the product polymeric beads are 
generally well-shaped and monodispersed. This will be extremely advantageous for 
the subsequent application of the particles. Nonetheless, due to the presence of 
surfactant and other additives, the polymer may be contaminated. 
 
Other than the normal o/w emulsion polymerization, variations include water-in-oil 
(w/o) inverse-emulsion polymerization, miniemulsion and microemulsion 
polymerization. In w/o inverse emulsion, the water phase will be dispersed in the 
continuous oil phase. This is designed for the polymerization of water-soluble 
monomers like MAA and Am. As for miniemulsion and microemulsion 
polymerization, the biggest difference lies in the sizes of the final polymer beads. For 
miniemulsion polymerization, the final polymeric particles size in the range of 50-500 
nm in diameter compared to that of 5-20 nm for the case of microemulsion 
polymerization. Miniemulsion polymerization is carried out by slight modifications to 
the methodology used for the conventional emulsion polymerization. 
Homogenization and the use of a co-surfactant will be additional key features. As for 
microemulsion polymerization, since a microemulsion is thermodynamically stable, it 
is important to determine the correct region of concentration combination for 
components like water, monomer and surfactant to form a stable microemulsion at a 
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particular temperature. This is usually presented in the form of a ternary phase 
diagram and the region for microemulsion formation will be noted. 
 
Emulsion polymerization had been successfully applied for molecular imprinting. For 
example, Tsunemori et al. (Tsunemori et al., 2002) had employed emulsion 
polymerization to imprint nucleotides.  In his study, the template nucleotide was 
imprinted at the oil-water interface. Thus, binding sites were formed on the surface of 
the polymer beads upon polymerization. This is schematically represented in Figure 
2.4. In another work, Yoshida et al. (Yoshida et al., 1999) managed to imprint metal 
ion at the oil-water interface in an emulsion polymerization. These successful 
examples illustrate the promising potential of emulsion polymerization system for 
molecular imprinting. On top of that, with its interfacial activities, emulsion 
polymerization can be used as a strategy for creating complementary imprinted sites 
onto the surface of the polymeric matrix. Such surface imprinting approach will be 
important in the imprinting of macromolecules like proteins, where the bulky nature 
has often created difficulties in template removal and rebinding due to limited 
diffusion. 
 
On top of the normal emulsion polymerization, the applicability of miniemulsion 
polymerization as an imprinting system of amino acids had also been illustrated in the 
work by Vaihinger et al. (Vaihinger et al., 2002). In their work, imprinted 
nanospheres that sized 200 ± 20 nm were synthesized. MAA and ethylene glycol 
dimethacrylate (EGDMA) had been applied as the functional and cross-linker 
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monomers respectively. The template being employed in the investigation was Boc-
phenylanaline analid. The final nanogel displayed good enantiomeric discrimination 
for the template molecules. The results showed that miniemulsion polymerization 
could work just as well as the conventional bulk imprinting system for the molecular 
imprinting of small template molecules. Furthermore, due to the dilute nature and the 
continuous mechanical stirring of the polymerization reaction mixture, the 
miniemulsion polymerization system has an excellent heat dispersal property. This 
makes it a much more viable industrial process as compared to the traditional bulk 
imprinting system. 
 
2.2 Protein-surfactant interaction 
Interaction of proteins with surfactants has been a subject of extensive study over 50 
years. This interaction is of importance in a wide variety of industrial, biological, 
pharmaceutical and cosmetic systems. For example, complex formation between 
proteins and SDS has been routinely made use of in the determination of the 
molecular weights of proteins by SDS polyacrylamide gel electrophoresis. On top of 
that, surfactant-induced skin irritation has been correlated with the interactions of 
surfactants with stratum corneum proteins. 
 
Surfactants are generally classified based on the character of their head groups, with 
the principal categories being anionic, cationic and nonionic. However, the probably 
most important classification of surfactants is a division between those that can 
unfold and denature proteins and those that do not. The overall mechanism of 
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surfactant-induced denaturation of globular proteins and the formation of protein-
surfactant complexes is as shown in Figure 2.5. The initial step involves the binding 
of the surfactant head group to the oppositely charged ionic sites on the surface of the 
protein molecules via electrostatic interaction. Subsequently, when the ionic sites are 
saturated, the alkyl chains of the surfactant will interact cooperatively and 
hydrophobically with the hydrophobic patches on the protein. The initial binding 
usually only entails minimum tertiary structural change of the protein molecules and 
no change in the secondary structure. More drastic conformational change will set in 








2.2.1 Interfacial protein adsorption 
The adsorption of a protein onto a surface or an interface can be spilt into two 
processes, namely the initial anchoring of the molecule and a subsequent 
configurational change. The former involves hydrophobic patches found on the 
surface of native globular proteins. As a matter of fact, a large proportion of the non-
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polar side chains is not concealed inside the protein in spite of their high propensity to 
be packed in the core of the native molecule (Chothia, 1984). The positioning of these 
hydrophobic patches at the oil or air phase is thermodynamically more advantageous 
and hence, the “trapping” of the protein molecule at the interface. This gives the 
protein molecule an excess, however small, of free energy to trigger the unfolding of 
the molecule. In turn, the conformational change will help to minimize the free 
energy of the system by allowing the molecule to distribute its groups in the most 
favorable way between the two phases and the interfacial plane, thus allowing the 
molecule to be strongly held at the interface (Lefebvre and Relkin, 1996). From the 
wide spectrum of research work that had been performed, it is a generally accepted 
idea that globular proteins do undergo conformational change upon interfacial 
adsorption but their extent remains a subject of popular discussion since a wealth of 
results indicates that such structural change depends not only on the nature of the 
interface but also on the native conformations of the proteins and on the conditions in 





The effect of protein structural conformation on nanoparticle 




The applicability of miniemulsion polymerization as an alternative for molecular 
imprinting had been illustrated in the work by Vaihinger et al. (Vaihinger et al., 2002). 
However, its application for protein imprinting, to the best of our knowledge, has not 
been demonstrated to date. A key difficulty faced in protein imprinting is the 
inherently fragile and flexible nature of the template molecules. Extreme pH and 
thermal conditions are commonly known to denature proteins, resulting in the 
uncoiling or unfolding of the tertiary and secondary structure of the protein molecules 
(Goddard and Ananthapadmanabhan, 1992). A denatured protein will lose its 
functional conformation and thus most, if not all, of its biological activity will 
disappear. In the context of molecular imprinting, especially in cases like 
enantiomeric separation where high specificity is required, the integrity of the 
template in the imprinting reaction mixture is essential (Mahony et al., 2005). The 
shape, structure, and conformation of the template protein in the imprinting mixture 
should be preserved to provide satisfactory imprinting effect and the subsequent 
protein separation efficiency of the imprinted nanoparticles. This is especially 
important in the application of miniemulsion polymerization since some harsh 
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conditions like high-shear homogenization and surfactants, which are common 
protein denaturants, have to be employed.  
 
For the non-covalent approach of molecular imprinting, much work has been carried 
out to study the nature and extent of complexation between the functional monomer 
and template in the pre-polymerization mixture as it is a common belief that the 
strength and extent of such interaction is the determining factor for successful 
molecular imprinting. However, the template structural integrity is equally important 
in ensuring proper imprinting. In this chapter, we would like to present our work on 
the study of the configuration of the template protein, ribonuclease A (RNase A), in a 
miniemulsion polymerization mixture. This aimed to optimize and realize the 
application of miniemulsion polymerization for RNase A imprinting. Factors such as 
initiation methods, high-shear homogenization, and surfactant system were studied. 
Circular dichroism (CD) spectropolarimeter had been employed as the primary probe 
for studying the protein structure. The superior performance of the imprinted 
nanoparticles prepared under the modified, non-denaturing conditions in the 
subsequent rebinding tests demonstrated the importance of this study (Chapter 4). 
 
3.2 Experimental section 
The main objective of this investigation was to study the effects of the various 
conditions of a miniemulsion polymerization system have on the RNase A structural 
conformation. CD analysis was performed for that purpose. Based on the differential 
absorption of the left- and right-handed circularly polarized light, it is a form of 
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spectroscopy that can be used to determine optical isomerism and the secondary 
structures of protein molecules. 
 
3.2.1 Effect of ultraviolet (UV) radiation 
A 20-mL RNaseA solution (0.5 mg/mL) prepared using deionized (DI) water was 
stirred and irradiated by a UV light curing system (INTELLI-RAY400, Uvitron 
International) at intensity of 67% for 24 h. A control sample was prepared in exactly 
the same way but without undergoing the UV treatment. The two samples were then 
loaded into a 5-mm round cuvette and were analyzed by CD using a 
spectropolarimeter (JASCO, model J-810, United Kingdom), with continuous mode, 
at a scan speed of 50 nm/min. The range of wavelength scanned was 180-300 nm. 
This same setting was used in the subsequent investigations. 
 
3.2.2 Effect of high-shear homogenization  
A 20-mL RNase A solution (0.5 mg/mL) prepared using DI water was homogenized 
at 24 000 rpm using a high-speed homogenizer (T25B, Ika Labortechnik, Germany). 
An unhomogenized RNase A solution with the same concentration was used as the 
control sample. Both samples were then analyzed by CD with the same settings as 
mentioned previously. 
 
3.2.3 Effect of surfactants  
A 1.5-mL RNase A solution (0.5 mg/mL) was prepared using DI water or phosphate 
buffer saline (PBS). Stipulated amounts of surfactants, as shown in Table 3.1, were 
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added to obtain the required concentrations. Similarly, control samples without the 
addition of surfactants were prepared for comparison purpose. The solutions were 
analyzed by CD spectropolarimeter. 
 
 
Table 3.1 The surfactant system used for the RNase A structural CD study. 
 
Solvent Surfactant Concentration 
DI water SDS 10 mM 
PBS SDS 10 mM 
DI water PVA 0.05 w/v% 
DI water PVA 1.50 w/v% 
DI water PVA 5.00 w/v% 
DI water PVA:SDS 1.50 w/v%:10 mM 
SDS = sodium dodecyl sulfate; PVA = poly(vinyl alcohol) 
 
 
3.3 Results and discussions 
In the non-covalent approach of molecular imprinting, the formation of binding sites 
depends on the interaction of the template with the complementary functional 
moieties of the monomers at certain spatial positions. This indicates the importance of 
the structural characteristics of the template molecules. If the structural configuration 
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of the template molecule in the imprinting mixture is different from its pristine 
configuration, the “incorrect” structure will be imprinted and this can possibly lead to 
poor recognition property for the resulting molecularly imprinted polymer (MIP). Our 
investigation focused on determining the effects of the various aspects of 
miniemulsion polymerization on the template protein’s physical structure in an effort 
to improve the protein imprinting efficiency. 
 
3.3.1 The effect of UV radiation  
UV radiation has commonly been used to activate initiators for free-radical 
polymerization. Since UV is a high-energy source, it is highly possible that the high 
energy could alter the structure of the protein template by breaking some hydrogen, 
ionic, or disulfide bonds that are responsible for the unique protein conformation. An 
investigation on the possible denaturation of protein by UV radiation was thus 
performed using CD spectropolarimeter. The solvent-corrected CD spectra of RNase 
A in its native (aqueous) state as well as being UV-irradiated are shown in Figure 3.2. 
The CD spectrum of the native RNase A is characterized by a significant signal in the 
far-UV region (200-250 nm), which is indicative of the secondary structure of the 
protein. In addition, a less significant negative peak can be observed in the near-UV 
region. The signal in this region is generally assigned to the local asymmetric 
environment of aromatic amino acid residues, which is tyrosine (Tyr) in the case of 
RNase A (Stelea et al., 2001) (Figure 3.1). A marked decrease in the signal intensity 
was observed in both the near-UV and far-UV regions. This signified that RNase A 
had lost much of its characteristic configuration after 24 h of UV irradiation. In view 
of this, UV radiation is not a suitable initiation source for protein-imprinting 
_____________________________________________________________Chapter 3 
 33
polymerization. As an alternative, provided that the initiation temperature is not 
higher than the denaturing temperature of the template protein, which is at around 
65°C (Safar et al., 1993) for RNase A, thermal initiation can be employed. Redox 
initiation, which can be achieved with the addition of a co-initiator to the 





Figure 3.1 Ribbon diagram of RNase A showing the Tyr residues and the disulfide 






Figure 3.2 Solvent-corrected RNase A CD spectra (a) far-UV; (b) near-UV showing 
the effect of UV radiation on protein structure (          : native RNase A; ---- : UV-







3.3.2 The effect of homogenization  
One of the key factors that differentiates miniemulsion polymerization from the 
typical emulsion polymerization is the additional high-shear homogenization step. In 
this step, the pre-polymerization mixture was homogenized at a high shear rate of 
24,000 rpm. This investigation was to determine any possible adverse impact on the 
RNase A conformation. It is shown by the CD spectra in Figure 3.3 that the 
homogenization did not pose any significant effect on the protein configuration. The 





Figure 3.3 Solvent-corrected RNase A CD spectra (a) far-UV; (b) near-UV showing 
the effect of high-speed homogenization on protein structure (        : native RNase A; 







3.3.3 The effect of surfactants 
Surfactants form an essential component of the miniemulsion polymerization system. 
However, it is well-known that surfactants can denature proteins (Goddard and 
Ananthapadmanabhan, 1992). The denaturing effect stems from the amphiphilic 
properties shared by both the protein and the detergent. For example, SDS binds to 
proteins via interactions between the sulfate group and positively charged amino acid 
side chains and between the alkyl chain and hydrophobic side chains (hydrophobic 
interaction). The choice of surfactant for the protein-imprinting system is thus of 
great importance. In this study, an anionic surfactant, SDS, and a nonionic surfactant, 
PVA, were used. The effect of SDS on the RNase A structure is as illustrated by the 
CD spectra in Figure 3.4. For SDS, both ionic and hydrophobic interactions are 
present. It can be seen from the CD spectra that the structure of the RNase A was 
severely disrupted in the presence of SDS. In the investigation for the effect of PVA, 
three different PVA concentrations (0.05, 1.5, and 5.00 w/v%) had been used. The 
effect of different PVA concentrations on the RNase A conformation was studied to 
determine the maximum PVA concentration under which the protein configuration 
can be preserved. Being a nonionic surfactant, PVA would mostly interact with 
protein through hydrophobic interaction. From the CD scan results obtained for the 
far-UV region (Figure 3.5a), it was found that at a low PVA concentration (0.05 
w/v%), the CD spectrum for RNase A remained almost identical to that of a native 
one. At 1.50 w/V%, a small shift in the signal could be observed but the difference is 
insignificant. This observation is in contrast to that for SDS, where serious disruption 
to the conformation of RNase A was observed at an SDS concentration of 10 mM, 
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which is equivalent to only around 0.3 w/v%. Thus, PVA has a lower tendency to 
interact with and denature RNase A in water compared to SDS. This is in agreement 
with previous studies which theorized that nonionic surfactant has the least tendency 
to interact with proteins compared to the ionic ones (La Mesa, 2005; Lu et al., 2005). 
When the PVA concentration was increased to 5 w/v%, the difference between the 
CD spectra of RNase A in solution and that of the native RNase A became significant. 
A high degree of interaction between RNase A and PVA was observed and the 
protein was denatured. The CD spectra in the near-UV region are presented in Figure 
3.5b. The difference between the spectra of the native RNase A and that in the 
presence of PVA had remained trivial even when the surfactant concentration was 
increased to 5 w/v%. This further establishes that nonionic surfactant is less likely to 





Figure 3.4 Solvent –corrected RNase A CD spectra (a) far-UV; (b) near-UV 
illustrating the denaturing effect of SDS on the protein structure (        : native RNase 






3.3.4 The effect of additive 
From the preliminary study, it was shown that nonionic surfactant PVA has less 
interaction with protein, and thus it should be an appropriate choice in the application 
of miniemulsion polymerization for protein imprinting. However, in a conventional 
miniemulsion polymerization, a powerful surfactant is required to effectively stabilize 
the small, nano-sized micelles. Ionic surfactants like SDS are usually employed, 
while nonionic surfactants like PVA may not be effective enough as a stabilizer. On 
the other hand, SDS, though being an effective surfactant, is also a powerful protein 
denaturant. To circumvent this problem, additives like electrolyte and nonionic 





Figure 3.5 Solvent-corrected RNase A CD spectra (a) far-UV; (b) near-UV 
illustrating the effect of different PVA concentrations (i) 0.05 w/V%; (ii) 1.50 w/V%; 
(iii) 5.00 w/V% on the protein secondary structure (far-UV;         : native RNase A; --














3.3.4.1 The addition of electrolyte 
The addition of electrolyte has a complicated effect, depending on the quantity added. 
In this work, 0.01M PBS had been used in place of water. The PBS contained sodium, 
potassium, phosphate, and chloride ions. The CD spectra are shown in Figure 3.6. 
Within the far-UV range, though the presence of electrolyte did help to slightly 
reduce the denaturing effect by SDS on RNase A, the change in the secondary 
structure of the protein caused by the emulsifier remained quite significant. As for the 
near-UV range, there was no observable improvement with the addition of the 
electrolyte. Higher electrolyte concentration of 0.025 M resulted in an even more 
severe disruption of the protein structure instead of reducing the degree of disruption 
caused by the presence of SDS (Figure 3.7). Usually, in the case of SDS, high ionic 
strength will screen the repulsion between the sulfate head groups, thus lowering the 
concentration at which micelles start to form (Goddard and Ananthapadmanabhan, 
1992). As a result, micelle formation is favored over complexation with protein and, 
thus, emulsifier-protein interaction can be reduced. In our investigation, it is possible 
that the types of electrolytes present were ineffective in screening the SDS sulfate 
head groups and, thus, were unable to minimize the protein denaturation. Another 
possibility is that the electrolyte concentrations being investigated may not be high 
enough. However, it was found that the effect of electrolytes on protein-surfactant 
interaction is rather unpredictable (Goddard and Ananthapadmanabhan, 1992). 
Generally, at low level, the salt can enhance the protein-surfactant binding in the 
cooperative region to such an extent that the interaction, on the whole, actually 
increases significantly. Nevertheless, if a sufficiently large amount of electrolyte is 
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added, the critical micelle concentration (CMC) of ionic surfactant will be reduced 
and thus micelle formation will be dominant over protein binding. In this 
investigation, the highest ionic concentration being examined was 0.025 M and it is 
possible that this electrolyte concentration was not high enough for observable 
improvement. Further work based on higher electrolyte concentration had not been 
carried out because high ionic strength will pose undesirable effect on the 





Figure 3.6 Solvent-corrected RNase A CD spectra (a) far-UV; (b) near-UV 
illustrating the effect of electrolyte addition on protein-SDS interaction (        : native 
RNase A;          : RNase A with 10 mM SDS in 0.01 M PBS; ---- : RNase A with 10 








Figure 3.7 Solvent-corrected RNase A far-UV CD spectra illustrating the effect of 
electrolyte addition on protein-SDS interaction (        : native RNase A;        : RNase 
A with 10 mM SDS in 0.025 M PBS; ---- : RNase A with 10 mM SDS in DI water). 
 
 
3.3.4.2 The addition of a nonionic surfactant, PVA  
PVA is a long, nonionic polymer chain which has an excellent emulsifying property 
and thus is often employed as a nonionic surfactant. In a PVA-free system, globular 
SDS free micelles will form when its concentration exceeds its CMC. Similarly, in 
the absence of SDS, PVA will also form its own free micelles. However, when SDS 
and PVA are used simultaneously, the micellar effect will be altered. According to 
Nagarajan (Nagarajan, 2001), the nonionic polymers will have a high tendency to 
associate with the anionic surfactant micelles and form what is known as the 
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polymer-bound micelles, as illustrated in Figure 3.8. The polymer segments partially 
penetrate and wrap around the polar head group region of the surfactant micelles. A 
single polymer molecule can associate with one or more surfactant micelles. In his 
work, it was found that in the presence of a polymer, the CMC of SDS was 
significantly reduced. It was stipulated that when SDS associates with a polymer, the 
hydrophobic surface area of the aggregate exposed to the water was greatly reduced. 
This was the dominant factor that favored the formation of polymer-bound micelles 
over the free micelles. In this way, the CMC was reduced. From the CD spectra in 
Figure 3.9, it is seen that in the presence of PVA, the denaturing effect by SDS on 
RNase A had been reduced. In comparison, when PVA was absent, the general shape 
of the RNase A CD spectrum was severely distorted, while with PVA, the general 
shape of the spectrum in the far-UV region had largely been retained, other than a 
slight shift in the signal. As for the near-UV region, the denaturation caused by SDS 
was marginally improved. The formation of polymer-bound micelles between SDS 
and PVA had been favored over the free micelles formation and the surfactant-RNase 
A interaction. As a result, the protein conformation was largely conserved. 
Nevertheless, though surfactant-protein interaction can be minimized through the 
more favorable formation of polymer-bound micelles, there would still be 
conformational change to the protein when the RNase A is solubilized by the micelles. 
This happens because the solubilization allows such conformational change without 
exposing the hydrophobic part of the protein (Horbett and Brash, 1994). This 
provides a possible explanation for the partial signal shift observed in the far-UV 
range of the spectra shown in Figure 3.9. However, being smaller and hardier than 
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other proteins (Horbett and Brash, 1994), the solubilization had not caused significant 
conformational change to the RNase A molecules. The slight shift is expected and 
acceptable because as we hypothesized, a certain amount of interaction between the 
template protein molecules and the micellar system is necessary as this interaction 
will help to bind the template proteins to the surfaces of the micelles (Moore et al., 
2003), thus ensuring successful protein surface imprinting. Additionally, the slight 
shift could also be caused by a difference in the energy excitation during CD 
measurement (for example, n  p* rather then p p*) that takes place in a 
different solvent environment. 
 
 
     
 







Figure 3.9 Solvent-corrected RNase A CD spectra (a) far-UV; (b) near-UV 
illustrating the effect of the addition a non-ionic surfactant, PVA (        : native RNase 
A;          : RNase A in a mixture of 10mM SDS and 1.5 w/v% PVA; ---- : RNase A in 







From this study, three factors, namely, the initiation method, the high-shear 
homogenization, and the surfactant, had been singled out as possible sources of 
protein template denaturation in the application of miniemulsion polymerization for 
protein molecular imprinting. To avoid high temperature or high-energy UV 
irradiation, redox initiation was considered as a suitable alternative for protein 
imprinting. In addition, to prevent the template denaturation caused by the presence 
of SDS, PVA could be employed simultaneously to minimize the adverse protein-
surfactant interaction. On top of that, the high-shear homogenization had been shown 
to cause negligible disruption to the template protein conformation. This study was 
part of our effort to optimize the miniemulsion polymerization system for effective 
protein imprinting and in the following chapters, its importance and necessity will be 




Preparation of ribonuclease A surface-imprinted nanoparticles with 




Molecular imprinting is widely recognized as the most promising methodology for 
the preparation of tailor-made artificial receptors that can selectively bind pre-
determined target molecules. MIP represents a new class of material and it shows 
great potential to be a substitute for biological antibodies in applications like 
immunoassay, biosensing and drug delivery. Nevertheless, in spite of the great 
success achieved with the molecular imprinting of small molecules, that associated 
with protein macromolecules has been limited. This is largely due to the inherent 
limitations of the conventional approach of molecular imprinting which make it 
ineffective for protein imprinting. Thus, a new system has to be in place for that 
purpose. 
 
Functional monomers like methacrylic acid (MAA) and acrylamide (Am) have been 
commonly used for protein imprinting through the non-covalent (or self-assembly) 
approach. Favorable hydrogen bond formation between the functional monomers and 
the template protein molecules have been made use of to achieve satisfactory 
imprinting efficiency. Nevertheless, the recognition property may be adversely 
affected due to the interference of the hydrogen interaction between the 
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complementary functional moieties on the binding sites and the template protein 
molecules by the surrounding water molecules. However, it is preferred to achieve 
protein recognition in an aqueous surrounding since it is more similar to biological 
systems.  
 
Our group has seen the potential of miniemulsion polymerization system for protein 
imprinting. We had previously studied the effects of various conditions of the system 
on the structural configuration of the template ribonuclease A (RNase A) molecules 
(see Chapter 3). From the investigation, the optimized conditions that could preserve 
the structural integrity of the template protein molecules during the imprinting 
process were determined. In this further study, redox-initiated miniemulsion 
polymerization was employed to prepare RNase A surface-imprinted nanoparticles. 
High loading capacity of the template protein was exhibited by the imprinted 
nanoparticles. In addition, since the imprinted sites were formed on the nanoparticle 
surface, the diffusion issue that is commonly associated with protein imprinting can 
be circumvented. Methyl methacrylate (MMA) and ethylene glycol dimethacrylate 
(EGDMA) were used as the functional and cross-linker monomers, respectively. 
MMA is a common monomer being utilized in miniemulsion polymerization and with 
its low water solubility, it is not a good candidate for hydrogen bond formation. Thus 
hydrophobic binding cavities were mostly formed on the surface of the nanoparticles. 
This enables favorable hydrophobic interaction between the binding sites and the 
shape-complementary target protein molecules in an aqueous environment. 
Furthermore, imprinted nanoparticles had also been prepared under the conventional 
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(non-optimized) conditions of miniemulsion polymerization. The recognition 
properties of the two types of imprinted nanoparticles prepared under different 
conditions were then compared through normal and competitive batch rebinding 
experiments, with bovine serum albumin (BSA) as a competitive binding protein. 
This helped to illustrate the value and necessity of the study (Chapter 3) that we had 
undertaken to optimize the miniemulsion polymerization system for RNase A 
imprinting. 
 
4.2 Experimental section 
4.2.1 Preparation of RNase A-imprinted and non-imprinted nanoparticles 
The required amount of poly(vinyl alcohol) (PVA) or cetyl alcohol (CA), sodium 
dodecyl sulfate (SDS), and sodium bicarbonate (as shown in Table 4.1) was dissolved 
in 20 mL of deionized (DI) water to form the first aqueous phase. Eight-tenths 
milliliter of MMA and 4.2 mL of EGDMA were slowly added to the first aqueous 
phase using a syringe pump (NE-1000 Multi-Phaser, New Era Pump Systems Inc.) at 
a flow rate of 200 µL/min, followed by homogenization at 24,000 rpm with a 
homogenizer (T25B, Ika Labortechnik, Germany) to create a miniemulsion. 
Subsequently, the template RNase A was added into the miniemulsion and was stirred 
for 30 min to allow template-monomer interaction. The mixture was then added into 
the second aqueous phase (400 mL, 0.05 w/v% SDS) and was mechanically stirred 
(RW20, Ika Labortechnik, Germany) and pre-purged with nitrogen gas for 15 min to 
displace oxygen. Finally, the initiator was injected into the mixture, and the 
polymerization process was allowed to proceed for 24 hr. Upon completion, the 
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polymer was washed five times each with DI water and a solution of SDS:acetic acid 
(10 w/v%: 10 v/v%), four times with excess ethanol to remove the surfactant or any 
unreacted monomer and initiator, and finally six times with DI water. The washed 
imprinted polymer was dispersed in DI water and was kept under room temperature 
for further characterization. Non-imprinted nanoparticles were prepared in a similar 
manner as above, except without the addition of the template RNase A. 
 
 
Table 4.1 The protocol for the preparation of imprinted and non-imprinted polymers 
under the conventional and optimized conditions of miniemulsion polymerization. 
 















*dNIP UV - - 0.221 57.7 0.159 - - 
*dMIP UV - - 0.221 57.7 0.159 - 25.6 
+NIP Redox 0.252 0.230 - 57.7 - 0.375 - 
+MIP Redox 0.252 0.230 - 57.7 - 0.375 25.6 
APS = ammonium persulfate; ACC = 4,4’-Azobis(4-cyanovaleric acid); 
*nanoparticles prepared under the conventional conditions; +nanoparticles prepared 
under the optimized conditions  
 
4.2.2 Size measurement 
The sizes of the imprinted and non-imprinted polymeric nanoparticles were measured 
through direct observations under field-emission scanning electron microscope (FE-
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SEM) (JSM-6700F, JEOL). The diameters of 50 particles from at least two different 
SEM sample areas were measured, and the mean (the standard deviation was 
calculated. 
 
4.2.3 Surface area measurement 
Surface areas of the nanoparticles were measured using a nitrogen sorption method 
with NOVA 3000 series BET (Brunauer-Emmett-Teller) from Quantachrome 
Instruments, with a seven-point BET calculation. 
 
4.2.4 Determination of swelling ratio (SR) 
The dispersed product polymeric particles were recovered by centrifugation at 9000 
rpm for 40 minutes. The supernatant was then removed and the swollen weight (Ww) 
of the particles was measured. Subsequently, the particles were freeze-dried for 24 
hours and were weighed again to obtain the dry weight (Wd). 
 








4.2.5 Batch rebinding test 
RNase A solutions of concentrations ranging from 0.8 mg/mL to 1.6 mg/mL were 
used for the test. The samples were fitted onto a rotamix (RKVS, ATR Inc., Japan) 
and were rotary (end-to-end) mixed at room temperature for 24 hr. For a competition 
assay, BSA was used instead. The rebinding test was carried out for both imprinted 
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and non-imprinted polymers. After 24 h, the supernatant solutions were sent for high-
performance liquid chromatography (HPLC) analysis to determine the protein 
concentrations. An HPLC system (Agilent 1100 series) with a gel-permeation 
chromatography (GPC) column (Agilent Technologies Plgel Mixed-C, 300 × 7.5 mm, 
5 µm) was employed to determine the final protein concentration in the supernatant. 
The mobile phase used was phosphate buffer saline (PBS) at pH 7.4. The solvent flow 
rate was 1 mL/min and the injection volume was 50 µL. An ultraviolet (UV) detector 
at a detection wavelength of 220 nm was employed. Protein standards for calibration 
had also been prepared. The amount of protein adsorbed onto the polymer was 
determined by the method of difference according to the following formula: 
 
Amount of protein adsorbed, Q (mg protein/g polymer) 
m
VCC FI )( −=  
 
where CI is the initial protein concentration, CF is the final protein concentration, V is 
the total volume of the rebinding aliquot, and m is the mass of the polymer in each 
aliquot. To determine the value of m, six 5-mL reference aliquots of well-stirred 
polymer suspension were measured and freeze-dried. They were later weighed to 
obtain an average value of mass of polymer in each sample. 
 
4.2.6 Competitive batch rebinding test 
Five millimeters of imprinted and non-imprinted polymeric latexes were placed into 
15 mL centrifuge tubes, respectively. A protein mixture of RNase A and BSA was 
prepared with DI water and added into the centrifuge tubes to make an initial protein 
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concentration of 1.2 mg/mL each for RNase A and BSA. The rebinding test was then 
conducted as described above and the adsorption results were also obtained. The 
following equations (Lu et al., 2006) were used to evaluate the selectivity of the 
imprinted nanoparticles. 
 















K=α   
 







αβ =  
 
where α1 and α2 are the separation factors of MIP and NIP. 
 
4.2.7 Kinetics study of MIP nanoparticles 
Five milliliters of MIP suspension was added into a centrifuge tube containing 5 mL 
of RNase A solution. The initial RNase A concentration was 1.8 mg/mL. The 
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centrifuge tube was then fitted onto the rotamix for adsorption to be carried out at 
ambient temperature. At different time intervals, 1 mL of the protein solution was 
drawn and sent for HPLC analysis to determine the RNase A concentration. The 
study was also carried out for the NIP nanoparticles as a control. 
 
4.2.8 Statistical analysis 
Standard deviation calculations and Student’s t-test were carried out using Microsoft 
Excel (Seattle, WA) for statistical comparisons between pairs of samples. 
 
4.3 Results and discussions 
The main objective of the work is to prepare surface-imprinted polymeric 
nanoparticles that could recognize and thus bind the template RNase A preferentially 
in an aqueous surrounding. To obtain polymeric particles in the nano-size range, a 
modified miniemulsion polymerization protocol was utilized. The modification had 
been based on our earlier study (Chapter 3) on the template preservation in the pre-
polymerization mixture. 
 
4.3.1 Size and morphology of the imprinted and non-imprinted particles 
The sizes of the imprinted and non-imprinted nanoparticles were determined from 
direct electron microscope observations and the results are presented in Table 4.2. As 
seen in Figure 4.1, spherical, monodispersed imprinted and non-imprinted 
nanoparticles were successfully prepared. With the conventional miniemulsion 
polymerization, nanoparticles (dNIP and dMIP) of sizes about 80 nm were obtained 
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while smaller nanoparticles (NIP and MIP) of about 40 nm were prepared with the 
modified methodology (Student’s t-test: p < 0.001). There were no significant 
differences in sizes between the respective imprinted and non-imprinted nanoparticles. 
The SR values of the particles are also presented in Table 4.2. The SR values are 
direct indications of the extent of cross-linking of the polymeric nanoparticle (Lu et 
al., 2002). In molecular imprinting, highly cross-linked imprinted polymers are 
usually prepared for the effective maintenance of the imprinted sites formed during 
the imprinting polymerization. The SR values obtained in this work are close to that 
obtained by Lu et al (Lu et al., 2002), illustrating that sufficient amount of cross-
linking had been achieved. Notably, the SR values between the respective imprinted 
and non-imprinted nanoparticles were significantly different (Student’s t-test, p < 
0.05), with the imprinted nanoparticles having slightly higher SR values compared to 
their respective non-imprinted counterparts. The exact reason for the difference is not 
known but it could probably be due to the formation of binding cavities on the surface 
of the MIP nanopaticles which thus give the nanoparticles enhanced water penetration. 
As for the specific surface area, the smaller nanoparticles (NIP and MIP) prepared 
under the revised protocol had significantly larger surface areas than their 
counterparts (dNIP and dMIP) as expected. Notably, the measured value for the 
surface area of MIP (29.6 m2/g) was smaller than the nanoparticles obtained by 
Vaihinger et al (Vaihinger et al., 2002) in a similar work (about 58.0 m2/g). This 
appeared surprising at the first place because the sizes of the particles in that work 
were about 200 nm as compared to about 40 nm in our case. However, this could be 
attributed to the difference in the porosity of the nanoparticles measured by the BET 
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and included in the total surface area calculation. In addition, agglomeration is often 
observed for very fine particles at the dried state. When the nanoparticles were 
lyophilized for BET measurement, it was highly possible that the nanoparticles, being 
very small in sizes, agglomerate significantly, thus resulting in a smaller specific 
surface area. In view of the possible agglomeration, the product nanoparticles were 
stored as dispersions in water rather than lyophilized powder. Nevertheless, although 
it would be desirable to have higher surface area for template rebinding, this can in 
fact adversely affect the selectivity of the imprinted particles since there would be 
extensive non-specific adsorption on the non-imprinted areas. 
 
 
Table 4.2 Sizes of the polymeric particles prepared under the conventional 
(denaturing) and modified conditions. 
 
Polymer Mean diameter (nm) Swelling ratio Specific surface area (m2/g)
dNIP 81.1 ± 6.4 3.26 ± 3.75  10.1 
dMIP 80.4 ± 5.8 6.09 ± 1.14 10.2 
NIP 41.0 ± 6.4 4.75 ± 2.08 19.3 














   






4.3.2 Batch and competitive rebinding tests 
The polymeric nanoparticles were subjected to batch and competitive rebinding tests 
to investigate their loading capacity and molecular selectivity. The results of the batch 
rebinding tests carried out using different initial protein concentrations are shown in 
Figure 4.2. In BSA adsorption, no specificity or significant trend was observed for all 
the four samples. The protein adsorption on each polymer was largely random and 
non-specific since BSA was the non-template protein, although higher protein loading 
was shown by dMIP over dNIP. As for RNase A rebinding, much higher protein 
loading was observed for MIP as compared to NIP. This preferential protein binding 
was more significant with the increase in the initial protein concentration. This was 
probably due to a greater diffusion rate at higher concentration. The RNase A loading 
for MIP ranged from 110 to 740 mg/g throughout the concentrations under study 
while the corresponding loading range for NIP was only 30 – 80 mg/g. The 
differential equilibrium adsorption of RNase A and BSA to the synthesized NIP and 
MIP nanoparticles illustrate the recognition property brought about by the imprinting 
process. On the other hand, dMIP, which was prepared in the presence of RNase A, 
did not show preferential binding for the template; instead, dNIP exhibited slightly 




    
Figure 4.2 The batch-rebinding tests using (a) BSA and (b) RNase A (  : NIP;  : 







The specificity and non-specificity shown respectively by MIP and dMIP were 
further illustrated in the subsequent competitive rebinding tests. The results are shown 
in Figure 4.3. In a competitive environment, dNIP displayed loadings of 46.8 mg/g 
and 66.6 mg/g for RNase A and BSA respectively whereas those for dMIP are 44.4 
mg/g and 37.2 mg/g. Although more RNase A than the non-template BSA was bound 
to dMIP, no specificity had in fact been shown as the RNase A loading for dNIP and 
dMIP are comparable. A decrease of BSA loading was observed in dMIP as 
compared to dNIP. It was deduced that imprinted sites of incorrect shape and 
functional moieties had been formed with the denatured protein template during the 
imprinting polymerization. Due to the bigger size of the BSA molecules, they could 
not enter these binding sites and be adsorbed, thus resulting in a significant reduction 
of the BSA loading observed for dMIP. Furthermore, since the imprinted cavities 
were of incorrect configuration, no marked increase of RNase A loading was 
observed in dMIP as compared to dNIP. In contrast, good specificity had been 
displayed by MIP. In the competitive rebinding test, the RNase A and BSA loadings 
for NIP were 16.5 mg/g and 26.0 mg/g respectively while that for MIP were 31.1 
mg/g and 27.2 mg/g. There was an approximately 90% increase in the RNase A 
loading when the polymer was changed from NIP to MIP. In addition, more RNase A 
was also bound to MIP than BSA. It was deduced that the protein loading of NIP was 
mostly non-specific and the marked increase observed in the adsorption of RNase A 
to MIP was a strong proof that recognition property had been imparted onto the 
imprinted nanoparticles. Noting that the protein loading of the nanoparticles had 
decreased significantly in the competitive test as compared to that in the single-
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protein adsorption systems, this was, however, within expectation. In the presence of 
a competitor protein, the protein adsorption will usually be suppressed due to 
competition or possible interaction between the different proteins. 
 
dNIP and dMIP had been prepared using the conventional miniemulsion 
polymerization, where UV was used as the initiation method and SDS was used as the 
surfactant. Based on our earlier CD study on the protein conformation in a 
miniemulsion (see Chapter 3), such conditions would denature the template protein 
molecules. In optimizing the conditions for protein imprinting, efforts were made to 
preserve the conformation of the template protein in the miniemulsion. In the 
preparation of NIP and MIP, redox initiation was instead employed for the 
polymerization reaction. In addition, some PVA was added to minimize the 
denaturing effect by SDS on RNase A. In the batch and competitive rebinding tests, 
much better imprinting efficiency was displayed by MIP compared to that shown by 
dMIP. This indicates the importance in maintaining the structural integrity and shape 
of the template molecules, especially in the case of protein molecular imprinting, 






Figure 4.3 The competitive rebinding tests for the polymers prepared with the 





The values of KD, α and β were calculated for NIP and MIP nanoparticles and 
presented in Table 4.3. In this case, the MIP nanoparticles achieved a separation 
factor that was almost twice as high as that by the NIP. In addition to the recognition 
property, by comparing the highest adsorption capacity (745.0 mg RNase A/g 
polymer) obtained for the MIP nanoparticles in this study and the MIP saturation 
capacity value of around 3 mg protein/g polymer achieved in the similar work by 
Pang et al. (Pang et al., 2005), the adsorption capacity achieved in this work is 
significantly higher.  
 
 
Table 4.3 Calculated separation factors of the NIP and MIP nanoparticles based on 
the competitive rebinding test. 
 














MIP 31.0 1.174 27.2 1.177 26.5 23.1 1.147 1.82
NIP 16.5 1.184 26.0 1.175 13.9 22.1 0.630 - 
 
 
Extensive non-specific adsorption is commonly observed for small particles with very 
large surface areas and this could possibly mask the recognition property of the 
imprinted nanoparticles (Whitcombe and Vulfson, 2001). However, in this 
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investigation, high template loading and good selectivity were detected through the 
routine rebinding experiments in spite of the small sizes and the not-so-high BET 
surface areas of the MIP nanoparticles. This indicated that effective imprinting had 
been achieved and the nanoparticle surface was mostly occupied by imprinted sites 
for the template RNase A.  
 
In most cases, the adsorption data is fit into the Langmuir isotherm (Scatchard plot) to 
determine the saturation binding capacity (Qs) as well as the association constant (Ka). 
These two values will characterize the binding properties. In this work, the rebinding 
data did not fit any commonly known adsorption isotherms like Langmuir and 
Freundlich isotherms. In Rushton’s work (Rushton et al., 2005), the limitations of the 
isotherms had been discussed.  Reasons for the unsuccessful fitting of rebinding data 
may include incorrect assumptions made for the isotherms (Hobett and Brash, 1994) 
and inappropriate concentration range under study. Therefore, the observed maximum 
adsorption capacity (Qmax) was used instead of Qs for calculations. The adsorption 













Table 4.4 Results of the rebinding tests illustrating the adsorption characteristics of 
the imprinted nanoparticles prepared. 
 
 Batch rebinding test Competitive rebinding 
test 







Q (mg/g) Q (mg/g) 
NIP 80.9 52.6 - 16.5 26.0 
MIP 744.9 126.3 9.21 31.1 27.2 
*imprinting efficiency = Qmax (MIP) / Qmax (NIP) 
 
 
4.3.3 Rebinding kinetics study of MIP and NIP nanoparticles 
From the various adsorption tests conducted, it was found that the MIP nanoparticles 
exhibited the most obvious molecular selectivity towards the template RNase A 
molecules used in their fabrication. One of the significant problems faced in protein 
imprinting is associated with restricted diffusion due to the bulkiness of the template 
protein molecules. Therefore, the rebinding kinetics of the MIP nanoparticles for 
RNase A was studied and the result is shown in Figure 4.4. The rebinding kinetics of 
the NIP nanoparticles has also been included for comparison. Generally, there were 
no significant differences between the adsorption profiles of the NIP and MIP 
nanoparticles. The RNase A adsorption was observed to slowly increase for the first 
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100 min, after which it increased more rapidly in the next 50 min. After about 175 
min, the rate of the rebinding started to decrease and by 250 min, it had almost 
reached the equilibrium. The rapid initial protein adsorption was attributed to the 
presence of a large amount of empty, high-affinity binding sites on the surface of the 
nanoparticles. When most binding sites were filled up, the rate of adsorption dropped 
significantly and the equilibrium protein loading was eventually achieved. The 
rebinding profiles obtained are typical of those reported by other investigations (Pang 
et al., 2006; Fu et al., 2007). The adsorption kinetics of the MIP nanoparticles was 
comparable to that observed in the work performed by Pang et a1. (Pang et al., 2006) 
in terms of the time taken to reach equilibrium. Such rapid rebinding kinetics is 
highly desired and this will enhance its application in the fields of separation, 





Figure 4.4 RNase A adsorption profiles of the NIP (      ) and MIP (      ) nanoparticles. 
 
 
4.3.4 Protein imprinting through miniemulsion polymerization  
The main objective of this work is to design a one-step, easy-to-apply system for the 
preparation of protein surface-imprinted nanoparticles, and thus miniemulsion 
polymerization had been chosen for this purpose. The exact mechanism involved in 
the protein-imprinting miniemulsion polymerization is not known. However, it is 
hypothesized here that the success of protein imprinting depends on the interaction 
between the micellar system and the surface-active template protein molecules. In a 
study by Moore et al. on protein-surfactant interactions (Moore et al., 2003), it was 
proposed that water-soluble protein molecules tend to be bound and adsorbed to the 
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surface of the micelles formed by surfactants. It was thus similarly hypothesized that 
when amphiphilic template protein molecules such as RNase A were added into the 
pre-polymerization miniemulsion, they were adsorbed to the micelles and partitioned 
across the phase boundary. Polymerization reaction was then initiated with the 
template molecules ‘trapped’ on the micelle surfaces. Upon completion and 
subsequent template removal, binding sites of the complementary protein 
hydrophobic sections were formed on the nanoparticle surfaces. During rebinding in 
an aqueous environment, protein molecules with the complementary shape to the 
binding sites would bind preferentially to the imprinted nanoparticles through 
hydrophobic interactions as illustrated in Figure 4.5. Though hydrophobic interaction 
is less specific compared to covalent, ionic or hydrogen interactions, its ease of 
application and the applicability in an aqueous medium, supplemented with shape 
complementarity, enables it to be an optimum type of interaction for molecular 





Figure 4.5 Schematic representation of RNase A surface imprinting through 
miniemulsion polymerization (a) solubilization of template RNase A into the micelles; 
(b) molecular imprinting on the surface of the nanoparticles; (c) removal of the 













With preliminary study on the structural conformation of the template RNase A 
molecules in a miniemulsion polymerization system, the applicability of the system 
for protein imprinting had successfully been illustrated in this investigation. Surface-
imprinted nanoparticles of RNase A (MIP) had been prepared using MMA and 
EGDMA as the functional and cross-linker monomer, respectively. They showed 
significant specificity and superior loading capacity in an aqueous environment when 
compared to the non-imprinted polymer (NIP) and the polymeric nanoparticles 
prepared through the conventional miniemulsion polymerization (dNIP and dMIP). In 
addition, desired rebinding kinetics was also shown by the MIP nanoparticles. 
Hydrophobic interaction had been stipulated to be the major form of interaction for 
adsorption in the aqueous surrounding, though further research work would be 
required for verification. With its ease of application, excellent heat dispersion and 
production of regularly sized imprinted nanoparticles, miniemulsion polymerization 
is thus suitable to be employed at the industrial scale. On top of that, the system 
provides a convenient means of incorporating desired properties, like drug-releasing 
and superparamagnetism, into the imprinted nanoparticles. With such features, in 
addition to their favourable selectivity and adsorption kinetics, the imprinted 
nanoparticles could act effectively as an enzyme mimic and be possibly employed in 




Defining the interactions between proteins and surfactants for 




In the previous chapter, the proof-of-concept study had successfully illustrated the 
applicability of miniemulsion polymerization for protein surface imprinting. The 
imprinted nanoparticles displayed significant affinity towards the template RNase A 
molecules in both the single and binary protein adsorption systems. On top of that, 
from the previous work, we had also witnessed the importance of the template protein 
integrity in the imprinting process. Template protein molecules with their unique 
structural configurations being thwarted tend to give low imprinting efficiency.  
 
A hypothesis had been put forward to explain the possible mechanism involved for 
protein surface imprinting in a miniemulsion polymerization system. It was proposed 
that the template protein-surfactant interaction enabled the protein molecules to be 
adsorbed to the surface of the surfactant micelles and partitioned across the oil-water 
phase boundary due to their amphiphilicity. Subsequently, polymerization reaction 
was initiated and this allowed the complementary imprinted sites for the template 
protein molecules to be formed on the surface of the polymeric nanoparticles. 
Nevertheless, such theory only remains as a hypothesis at best. To further elucidate 
how protein imprinting is being realized through the system, in this chapter, 
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investigative work was performed to imprint proteins of different properties. The 
proteins under investigation included lysozyme (Lys) and bovine serum albumin 
(BSA). The imprinted nanoparticles prepared against the different proteins were 
subjected to adsorption runs as a means of characterizing their imprinting efficiencies. 
On top of that, circular dichroism (CD) spectropolarimeter had been employed as a 
probe for studying the interaction between different proteins and the surfactant 
system used in the miniemulsion polymerization, and the associated effects in the 
structural configurations of the proteins. The main objective that we would like to 
achieve in this study is to verify the hypothesis that had been proposed earlier, and 
hopefully, through the study, the key factors governing the success of protein 
imprinting in the miniemulsion polymerization system could be identified. This 
would be extremely helpful for designing and optimizing the system or extending it to 
imprint other types of proteins. 
 
5.2 Experimental section 
5.2.1 Preparation of surface-imprinted and non-imprinted nanoparticles  
Surface-imprinted nanoparticles were prepared according to the protocol presented in 
the previous chapter (see section 4.2.1) where the SDS-PVA surfactant system was 
employed. In addition to the RNase A-imprinted (RMIP) nanoparticles prepared 
earlier, 2 other types of imprinted nanoparticles, namely the BSA-imprinted (BMIP) 
and the Lys-imprinted (LMIP), were also prepared. Non-imprinted (NIP) 




5.2.2 Morphological characterization 
The morphological features of the nanoparticles were measured and determined in a 
similar manner as presented in Chapter 4. The sizes of the nanoparticles were 
determined from direct observation of the beads under FESEM while the surface 
areas were measured using a nitrogen sorption method. The swelling ratio (SR) is a 
direct indication of the extent of cross-linking in the polymeric nanoparticles and it 
was determined by measuring the relative difference in the swollen (Ww) and dry (Wd) 








5.2.3 Batch rebinding test 
Single-protein batch rebinding tests were carried out as described in section 4.2.5. 
Initial protein concentrations that ranged from 0.8 to 1.6 mg/mL were under 
investigation. Similarly, a HPLC system was employed to determine the final protein 
concentrations after the 24 h adsorption runs. This allowed the protein loadings of 
various polymeric nanoparticles to be calculated according to the following formula:  
Amount of protein adsorbed, Q (mg protein/g polymer) 
m
VCC FI )( −=  
 
where CI is the initial protein concentration, CF is the final protein concentration, V is 





5.2.4 Competitive batch rebinding test 
To further probe the selectivity of the various imprinted nanoparticles prepared, the 
nanobeads were subjected to a competitive adsorption environment. The procedure 
was similar to that applied previously (see section 4.2.6). In this investigation, the 
competitive environment is a ternary protein system made up of RNase A, Lys and 
BSA (with respective initial concentration of 1.8 mg/mL).  
 
5.2.5 Desorption study  
The RMIP nanoparticles were first subjected to a 24 h batch rebinding test as 
described above in a RNase A solution at an initial concentration of 1.8 mg/mL. The 
amount of RNase A adsorbed onto the nanoparticles was determined in a similar 
fashion using HPLC. Upon the completion of the batch adsorption, the RMIP 
nanoparticles with adsorbed protein were isolated by centrifugation at 9000 rpm for 1 
h. Following that, the nanoparticles were dispersed and rotary (end-to-end) mixed for 
24 hours in 2 different types of solvents (2 mL); namely, water, and acetonitrile:water 
(1:1). Finally, the amount of RNase A desorbed was quantified through HPLC.  
 
5.2.6 Circular dichroism (CD) study 
The protein solution of interest was prepared using DI water at a concentration of 5 
mg/mL. To investigate the interaction between the surfactant and proteins, in some 
protein samples, SDS (10 mM) or SDS (10 mM)/PVA (1.5 w/v%) had been added. 
The samples were loaded into a 5-mm round cuvette and analyzed using the CD 
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spectropolarimeter, with continuous mode, at a scan speed of 50 nm/min. The range 
of wavelength scanned was 180-300 nm. 
 
5.2.7 Statistical analysis 
Standard deviation calculations and Student’s t-test were carried out using Microsoft 
Excel (Seattle, WA) for statistical comparisons between pairs of samples. One-way 
ANOVA with Tukey HSD post hoc analysis had also been applied for multiple 
samples analysis. 
 
5.3 Results and discussions 
5.3.1 Morphological features 
The main objective of characterizing the morphological properties of the 
nanoparticles prepared was to eliminate any effects of morphological differences on 
the protein loadings in our subsequent study. FESEM had been used to capture the 
microscopic images of the nanoparticles prepared. As shown in Figure 5.1, the 
imprinted nanoparticles were highly monodispersed and regularly shaped. The 
FESEM image of RMIP nanoparticles (from Figure 5.1b) had been included for 
comparison purpose. It was observed that all the nanoparticles fabricated sized around 
40 ± 5 nm and there appeared to have no significant morphological differences 
among the various imprinted and non-imprinted nanoparticles. From the SR values 
measured, it was found that there were also no significant differences among the 
nanoparticles (around 3 – 5). As such, it was concluded that the presence of different 
template protein molecules did not have significant effects on the morphologies of the 
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final polymeric nanoparticles. So if there were any differences in the subsequent 
protein uptake study, it should be due to the imprinting effect.   
 
The nitrogen sorption BET results showed that there were no significant differences 
in the specific surface areas of NIP, RMIP and LMIP nanoparticles, which averaged 
about 26 m2/g. Nevertheless, it was interesting to note that the specific surface area of 
the BMIP particles (about 14 m2/g) was significantly lower than the others. The exact 
reason for this discrepancy is unclear at this moment but it is hypothesized to be due 
to the difference in the type of interactions between BSA and the micellar system in 




















5.3.2 Batch rebinding test 
The nanoparticles were subjected to single protein batch rebinding tests to elucidate 
their adsorption behavior. The RNase A rebinding test (Figure 5.2a) had been 
performed with a series of different initial concentrations (0.8-1.6 mg/mL). It can be 
seen that the RNase A uptake by various polymeric nanoparticles increased with the 
increase in the initial RNase A concentration. The affinity of RMIP nanoparticles 
towards RNase A had previously been illustrated in section 4.3.2 and the results were 
reiterated here for comparison purpose. When the batch adsorption experiment was 




observe that the BMIP nanoparticles failed to exhibit any molecular recognition 
towards the protein, indicating that the imprinting efficiency for the BMIP 
nanoparticles was very poor. Generally, the BSA loadings of the nanoparticles were 
lower than that for RNase A and this could be attributed to the difference in the sizes 
of the 2 proteins. In addition, the BSA uptake also showed a similar trend as the 
RNase A adsorption with the increase in the initial BSA concentration, except for 
RMIP nanoparticles at certain initial concentrations. The third batch rebinding test 
was performed in Lys solution (Figure 5.2c), where only LMIP and NIP nanoparticles 
were used. It can be observed that on average, the LMIP nanoparticles did give us a 
certain degree of molecular selectivity as compared to its NIP counterpart. However, 
such differential Lys uptake was not statistically significant and it would be difficult 










Figure 5.2 Results of batch rebinding tests in (a) RNase A, (b) BSA (     : NIP;     : 
RMIP;      : BMIP;      : LMIP) and (c) Lys protein solutions (      : NIP;        : LMIP). 
Statistical significance (*) was determined using one-way ANOVA with Tukey HSD 
post hoc analysis with p < 0.01. 
 
 
5.3.3 Competitive batch rebinding test 
To further probe the molecular recognition property of the fabricated nanoparticles, 
the batch adsorption experiment was next performed in a competitive environment 
which was made up of a ternary protein solution consisting of RNase A, BSA and Lys 
at a respective initial concentration of 1.8 mg/mL. Due to the presence of additional 
competitive proteins in this ternary protein system, the protein uptake for the 
nanoparticles had decreased to less than 1 µmol/g (Figure 5.3) as compared to that for 




competitive environment, the RMIP nanoparticles still recognized and preferentially 
adsorbed more RNase A than the NIP and BMIP nanoparticles. This illustrated the 
high imprinting efficiency achieved with the imprinting of RNase A through 
miniemulsion polymerization. As for the BMIP nanoparticles, the competitive 
rebinding results coincided with that from our earlier single-protein batch rebinding 
test where the expected molecular affinity for BSA protein was totally absent. In the 
case of the LMIP nanoparticles, on average, the Lys uptake was higher than all other 
nanoparticles although it was not statistically significant. Thus, combined with our 
single-protein batch rebinding results obtained for the LMIP above, we concluded 
that the imprinting efficiency was only modest. Nevertheless, it was interesting to 
note that the uptake of RNase A by LMIP nanoparticles was higher than that for the 
RMIP particles. This unusual result is explained by a hypothesis as provided in 





Figure 5.3 Results of the ternary protein competitive batch rebinding test (        : 
RNase A;         : BSA;          : Lys). Student’s t-test, *: p < 0.06. 
 
 
5.3.4 Desorption study 
The regeneration of the adsorbent nanoparticles was also investigated by desorbing 
the adsorbed protein. Two different types of desorbing solvent were used to remove 
the adsorbed RNase A from the RMIP nanoparticles and the results are shown in 
Table 5.1. When water was used as the desorbing solvent, only about 38% of the 
adsorbed RNase A was removed, whereas the value increased to 62.3% when a 50% 
organic modifier (acetonitrile) was added to the solvent. The results shed some light 
on the type of interactions involved between RNase A and the RMIP nanoparticles. 
Apparently, hydrogen bonding did not play a critical role in the adsorption process as 
illustrated by the low desorption efficiency of water. Comparatively, by increasing 
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the non-polarity of the solvent with acetonitrile (ACN), the desorption efficiency 
significantly increased, proving that hydrophobic interaction was more significant in 
the RNase A uptake by the RMIP nanoparticles. To completely remove the adsorbed 
proteins, it is believed that a more hydrophobic solvent would be required although 
this might denature the proteins being desorbed. Therefore, a more complete study on 




Table 5.1 Results of the desorption study using different solvents. 
 
Solvent Amount of RNase A desorbed* (%)
Water 38.0 
Water:ACN (1:1) 62.3 
*Amount of RNase A desorbed = Mass of RNase A desorbed / Mass of RNase A 
loaded intially 
 
5.3.5 Influence of the protein-surfactant interaction 
As mentioned earlier, the main objective of this investigation was to verify the 
hypothesis that we had proposed for the imprinting of protein molecules through 
miniemulsion polymerization, which is, template-surfactant interaction that enables 
the adsorption of protein molecules to the surfactant micellar surface is the key factor 
for successful surface imprinting. Nevertheless, such adsorption can result in 
unfavorable unfolding of the protein, causing it to lose its structural configuration 
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(Dickinson, 1999). From our earlier study (Chapter 3 and 4) and some published 
works (Mahony et al., 2005; Karim et al., 2005), it was found that the structural 
integrity and rigidity of the template molecule plays crucial roles in the success of 
molecular imprinting. This is especially important for flexible template molecules 
like proteins. In this work, we had studied the structural conformation of the template 
protein molecules in surfactant solutions through CD measurements. This study 
would help to elucidate the interaction between the template proteins and the 
surfactants used in the imprinting polymerization system. The CD spectra for BSA 
are shown in Figure 5.4. Native BSA has 2 characteristic negative signals at 209 nm 
and 222 nm which correspond to the absorption of α-helices of BSA. It was found 
that even with the addition of SDS or SDS/PVA, there were surprisingly no 
observable configurational changes from the CD spectra. Although the interactions 
between BSA and ionic surfactants like SDS are well-documented (Ding et al., 2007; 
Takeda et al., 1987; Lu et al., 2005), such interactions were not observed in our study. 
In a study (Ding et al., 2007) on BSA-SDS interaction, it was proposed that the 
denaturation of BSA by SDS proceeds through different stages. At low SDS 
concentrations, the SDS monomers bind to BSA molecules through electrostatic and 
hydrophobic interaction, loosening, but without denaturing, the protein. When the 
SDS concentration slowly increases, they continue to bind to BSA and start to 
promote denaturation. At this stage, rather than acting non-cooperatively as 
monomers, the SDS starts to form micelle-like clusters with the BSA molecules. 
Finally, when the SDS concentration increases beyond the critical micelle 
concentration (CMC), the BSA molecules are largely unfolded. Thus, the BSA-SDS 
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interaction is a stepwise process (Takeda et al., 1987). In our current imprinting 
process, the template BSA molecules were directly exposed to a SDS/PVA solution at 
a concentration higher than the CMC. This could have prevented the complexation 
between the BSA and the SDS monomers and thus, depriving the BSA of the chance 
to interact with the surfactants in a stagewise fashion. Given the thermodynamically 
well-folded, compact, globular structure of BSA, without the structure-loosening step 
by surfactant monomers in the preliminary stage of interaction, it is probably not easy 
for BSA to interact directly with the surfactant micelles. This explains the absence of 





Figure 5.4 Solvent-corrected CD spectra of BSA in different types of surfactant 
systems, illustrating the lack of protein-surfactant interaction (          : native 
BSA;          : BSA in SDS; ----- : BSA in SDS/PVA). 
_____________________________________________________________Chapter 5 
 90
Another plausible explanation for the lack of protein-surfactant interaction could be 
due to the electronic charge on the protein molecules in the imprinting polymerization 
mixture. The isoelectric point (pI) of BSA is 4.7, whereas the pH of our system is 
about 7.2. In this environment, the BSA molecules would have a net negative charge 
which would result in an electrostatic repulsion between the anionic SDS surfactant 
and the BSA molecules. Based on our hypothesis, a certain degree of interaction 
between the template protein and the surfactant would be required to ensure the 
success of the protein surface imprinting. The lack of interaction between BSA and 
the surfactant could be a main reason for the absence of molecular selectivity 
observed for BMIP nanoparticles in our earlier investigation as the BSA would 
remain completely in the water phase. This explanation is also consistent with the 
results of the rebinding tests on RMIP and LMIP nanoparticles. The pIs of RNase A 
and Lys are 9.45 and 11.0, respectively, giving the two template molecules a net 
positive charge during the imprinting process. The resulting electrostatic attraction 
between the protein molecules and the SDS would promote protein-surfactant 
interaction and thus, surface imprinting is more likely to be achieved.  
 
On the other hand, Lys interacted significantly with the surfactant such that its 
conformation had been totally changed. This is as illustrated in the CD spectra 
obtained for Lys (Figure 5.5). In the near-UV region (250-300 nm, Figure 5.5a), the 
native Lys has a characteristic positive ‘head-and-shoulders’ signal at 290 nm (head), 
283 nm (shoulder) and 293.5 nm (shoulder) (Goux and Hooker, 1980), which 
represents the tertiary structure of the protein. In the presence of surfactants, it was 
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apparent that the positive CD signal vanished, showing that Lys had been unfolded by 
the surfactants. Drastic conformational changes caused by the surfactants were further 
illustrated by the far-UV CD spectra obtained (Figure 5.5b). From this study, it was 
found that the template Lys interacted extensively with the surfactants used in the 
imprinting polymerization reaction, thus losing its conformational features, resulting 
in the modest imprinting efficiency observed for the LMIP nanoparticles. In addition, 
due to such drastic change in the template Lys structure, the ‘incorrect template’ that 
had been imprinted could be the reason for the unexpectedly high uptake of RNase A 
in the ternary protein competitive adsorption test performed earlier. This was highly 
possible as RNase A and Lys have very similar molecular weights and sizes.  
 
The CD spectra for RNase A in the surfactant solutions are shown in Figure 3.9a. 
Compared to those for BSA and Lys, the presence of both the SDS and PVA 
surfactants caused only a slight red-shift in the RNase A characteristic CD signal at 
around 218 nm. This indicates an interaction between the protein and the surfactant. 
Nevertheless, the general shape of the CD spectrum for RNase A in the SDS/PVA 
solutions remains similar to that for the native RNase A. Such optimum extent of 
protein-surfactant interaction was probably the main reason for the high imprinting 






Figure 5.5 Solvent-corrected (a) near-UV and (b) far-UV CD spectra of Lys, 
illustrating the change in the protein structure in the presence of surfactants (          : 







Miniemulsion polymerization had previously been illustrated as an applicable 
technique for protein surface imprinting with RNase A. Nevertheless, the mechanism 
involved remains as a hypothesis at best. It was hoped that some lights can be shed 
through this study. In this work, the technique was applied to imprint two other 
proteins, namely BSA and Lys. It was found that the molecular selectivity was only 
modest for the LMIP nanoparticles and totally absent for the BMIP nanoparticles. 
With the subsequent investigation on the protein-surfactant interactions, it was 
proposed that such interactions play an essential role in the success of protein 
imprinting through miniemulsion polymerization system. A certain degree of 
interaction would be required between the template protein molecules and the 
surfactant micelles to partition the template molecule at the micelle interface (as 
shown by the BMIP nanoparticles). However, it is important that the interaction 
should not be too extensive that the structural configurations of the protein molecules 
would be changed drastically (as shown by the RMIP nanoparticles). A certain 
optimum level should be achieved to balance these 2 factors. The findings represent a 
big step towards understanding the application of miniemulsion polymerization for 
protein imprinting as they spell out the important considerations of the technique in 
terms of the types of surfactants applied, the inherent properties of the template 
protein molecules and the extent of template protein-surfactant interaction for 
successful protein imprinting. It was believed that such understanding will be 





Preparation of superparamagnetic ribonuclease A surface-imprinted 
submicrometer particles for protein recognition in aqueous media 
 
6.1 Introduction 
The application of miniemulsion polymerization as a plausible system for protein 
imprinting has been demonstrated in previous chapters. Equipped with the recognition 
property toward pre-determined target protein molecules, such imprinted nanoparticles 
can be useful in separation/purification processes as an affinity separation medium, which 
is an important step before further downstream analysis of the target protein. If 
magnetically susceptible material like iron oxide can be incorporated into imprinted 
polymers, magnetic separation can be performed. The beauty of magnetic separation lies 
in its ease and high efficiency, while the cost of separation will be relatively low and it 
allows fast recovery of the adsorbent. Another important advantage is that magnetic 
separation allows direct purification of the crude product from a mixture without any pre-
treatment. These characteristics make magnetic separation an economically viable 
industrial process. Superparamagnetism, where the magnetic response of the imprinted 
polymers toward an external permanent magnet without permanent magnetization, is a 
key factor for successful magnetic separation as this will ensure the reusability of the 
adsorbent. However, the need to achieve high loading and fast binding kinetics for the 
MIPs (Liu et al., 2005) poses significant challenges, especially when imprinting is carried 
out with bulky macromolecules such as proteins. Although imprinted particles of very 
small sizes would be more suitable for achieving the above aims, the particles should also 
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be large enough to encapsulate sufficient magnetite to allow magnetic separation. In 
addition to magnetic bioseparation, the application of the material in the field of 
biomedical analysis is promising. For example, with predetermined selectivity, the 
material can be used for cell labeling and tagging. This will enable cell tracking or 
imaging through magnetic resonance imaging (MRI), where the superparamagnetic iron 
oxide nanoparticles play an important role as the MRI contrast agent. 
 
In this work, similar monomers (MMA and EGDMA) and template protein (RNase A) 
were used in an attempt to synthesize RNase A surface-imprinted particles that respond 
superparamagnetically to an external magnetic field. Iron(II) oxide magnetite (Fe3O4) 
was prepared using the co-precipitation method and encapsulated in the imprinted 
particles. Transmission electron microscope (TEM) and thermogravimetric analysis 
(TGA) were respectively used to investigate the morphology and the magnetite content 
while a vibrating sample magnetometer (VSM) was used for characterizing the magnetic 
response. Superparamagnetic submicrometer surface-imprinted particles (700-800 nm) 
that displayed high loadings with good selectivity towards the template protein in an 
aqueous environment were successfully prepared. The ability of the magnetic MIPs to 
demonstrate recognition property in water, instead of organic solvents, is crucial for their 
potential use in bioseparation and other aqueous-based, bio-related applications. Studies 
of the rebinding and desorption processes, with special emphasis on determining the time 
needed to achieve equilibrium, were also carried out to elucidate the behaviors of the 
imprinted particles in these processes. Such studies are essential considerations for the 
application and regeneration of the imprinted particles in a magnetic separation process. 
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6.2 Experimental section 
6.2.1 Preparation of Fe3O4 magnetite 
Nano-sized magnetite was prepared using the co-precipitation method (Liu et al., 2005). 
Briefly, a 5-mL mixture solution of 0.8 M iron (III) chloride and 0.4 M iron (II) chloride 
was prepared using water with 3 v% HCl. The mixture was next added into 50 mL of 
ammonia solution (5.23 v%) with magnetic stirring at 1000 rpm. The reaction was 
allowed to proceed for 1 h. Upon completion, the black magnetite gel obtained was 
washed three times with deionized (DI) water and dispersed in water for subsequent use. 
 
6.2.2 Preparation of magnetic imprinted particles (mag-MIP) 
The iron oxide magnetite (1 g) previously prepared was mixed with 1 mL of oleic acid. 
The first and second aqueous phases of the polymerization reaction mixture were then 
prepared according to Table 6.1. A 0.8-mL aliquot of MMA and 4.2 mL of EGDMA 
were mixed with the oleic acid-coated magnetite, forming the oil phase. The oil phase 
was then added into the first aqueous phase, and the mixture was ultrasonicated 
(Vibracell VCX 130, Sonics & Materials, Inc.) for 90s to create a miniemulsion. The 
template RNase A (25.6 mg) was added into the miniemulsion and stirred for 30 min to 
allow effective template-monomer interaction. The miniemulsion was then added into the 
second aqueous phase, followed by mechanical stirring (RW20, Ika Labortechnik, 
Germany) at 300 rpm and pre-purging with nitrogen gas for 15 min to displace dissolved 
oxygen. The polymerization was then initiated by redox reaction using sodium bisulfite 
(0.230 g) and APS (0.252 g) and allowed to proceed at 40°C for 24 h. Upon completion, 
the template RNase A was removed by washing the product particles five times each with 
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DI water and a solution of SDS/acetic acid (10 w/v%: 10 v%), respectively, followed by 
four times with excess ethanol to remove the surfactant or any unreacted monomer and 
initiator, and finally six times with DI water. This methodology of template removal was 
adopted from Hawkins (Hawkins et al., 2005) and had been referred as the most effective 
approach for protein template removal. The use of the solvent would denature the protein 
molecules and break hydrogen bonds that might be involved. The washed, imprinted 
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6.2.3 Preparation of magnetic non-imprinted particles (mag-NIP) 
The magnetic non-imprinted particles were prepared and processed similarly as above, 
except that the template RNase A was not added. They were used as control samples in 
the subsequent characterizations. 
 
6.2.4 Analysis and measurement 
The sizes of the magnetic polymeric particles were measured using dynamic light 
scattering (BIC Particle Sizing Software 90 Plus, Brookhaven Instruments Corp.). The 
product mag-MIP and mag-NIP dispersions were used directly for this investigation. The 
product morphology was observed with field-emission scanning electron microscope 
(FESEM) (JSM-6700F, JEOL) and transmission electron microscope (TEM) (JEM-2010, 
JEOL). As part of the morphological characterization, the specific surface area and pore 
volume measurements were carried out through a nitrogen sorption method with a seven-
point BET (Brunauer-Emmett-Teller) (NOVA 3000 series, Quantachrome Instruments) 
and a 20-point isotherm calculations. The magnetic property was analyzed using a 
vibrating sample magnetometer (VSM; Lakeshore 73045), and the magnetite 
encapsulation was measured with thermogravimetric analysis (TGA) (DTG-60AH, 
Shimadzu). 
 
6.2.5 Determination of swelling ratio (SR) 
The dispersed product polymeric particles were recovered by centrifugation at 9000 rpm 
for 40 min. Subsequently, the SR values of the particles prepared were measured using a 
similar methodology as outlined in section 4.2.4.  
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Additionally, the volume swelling of the prepared particles was also determined. The 
analysis was carried out by determining the dimensions of the particles in the respective 
swollen state and dried state. The sizes of the of the swollen particles were taken from the 
results of the dynamic light scattering while that of the dried particles were obtained 
through direct observation under the FESEM where at least 50 particles were counted. 
 
6.2.6 Batch rebinding test 
Solutions of RNase A in DI water with different initial concentrations (1.0-1.8 mg/mL) 
were used for the test. The mag-NIP or mag-MIP samples were fitted onto a Rotamix 
(RKVS, ATR Inc.) and rotary (end-to-end) mixed at room temperature for 24 h. For a 
competition assay, lysozyme (Lys) solution was used instead of RNase A. After 24 h, the 
samples were centrifuged (Universal 32R, Hettich Zentrifugen) at 9000 rpm for 40 min. 
The supernatants were then drawn and filtered with sterile 0.2-ím filter units before 
HPLC analysis. A HPLC system (Agilent 1100 series) with a reversed-phase column 
(Agilent Zorbax 300SB-C18, 4.6 ×150 mm, 5 µm) was employed to determine the final 
protein concentration in the supernatant. The mobile phases used were (A) 0.1% 
trifluoroacetic acid (TFA) in water and (B) 0.99% TFA in 80% acetonitrile/20% water. A 
linear gradient elution was used with solvent B increasing from 25 to 70% in 40 min. The 
solvent flow rate was 1 mL/min, and the injection volume was 50 µL. A UV detector at a 
detection wavelength of 220 nm was employed. Protein standards for calibration were 
also prepared. The amount of protein adsorbed onto the polymer was determined by the 




6.2.7 Competitive batch rebinding test 
A protein mixture of RNase A and Lys was prepared with DI water and added into the 
centrifuge tubes to obtain an initial protein concentration of 1.2 mg/mL each for RNase A 
and Lys. The rebinding test was then conducted for mag-NIP and mag-MIP as described 
earlier, and the adsorption results were also obtained in a similar manner. The values of 
KD, α and β were computed according to the equations shown in section 4.2.6 to quantify 
the selectivity of the imprinted particles. 
 
6.2.8 Adsorption kinetics study 
Adsorption experiment was carried out for mag-NIP and mag-MIP particles as described 
above with an initial RNase A concentration of 1.8 mg/mL. Supernatant of the samples 
were drawn at different time intervals and analyzed by HPLC to determine the RNase A 
concentrations. The runs were performed in triplicates. 
 
6.2.9 Desorption kinetics study 
An adsorption experiment was first carried out for mag-MIP as described above with an 
initial RNase A concentration of 1.8 mg/mL. Upon completion, the particles were 
collected by centrifugation at 9000 rpm for 40 min. HPLC analysis was carried out on the 
supernatant to determine the RNase A concentration and thus the amount of RNase A 
adsorbed onto the particles. A 3-mL sample of desorbing solvent was later added to each 
mag-MIP sample collected from the adsorption process and rotary-mixed. At different 
time intervals, the samples were centrifuged and the supernatant was collected for HPLC 
analysis to determine the protein concentration. All tests were done in triplicates. 
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6.2.10 Statistical analysis 
Standard deviation calculations and Student’s t-test were carried out using Microsoft 
Excel (Seattle, WA) for statistical comparisons between pairs of samples. The groups 
were considered statistically different when p < 0.05. 
 
6.3 Results and discussions 
6.3.1 Synthesis of mag-NIP and mag-MIP particles 
The polymeric particles were prepared using a modified miniemulsion polymerization 
system. The modifications were based on the preservation of the template protein 
integrity in the imprinting system as previously discussed (see Chapter 3). In this work, in 
addition to molecular imprinting, Fe3O4 magnetite encapsulation was carried out 
concurrently during the miniemulsion polymerization reaction. The nano-sized magnetite 
was made hydrophobic by coating with oleic acid. This allowed the magnetite 
nanoparticles to be dispersed in the oil-phase hydrophobic mixture of MMA and 
EGDMA of the miniemulsion. Upon polymerization, the magnetite particles were found 
to be bound within the polymeric particles, rendering the resultant mag-MIP particles 
superparamagnetic. 
 
6.3.2 Size determination using dynamic light scattering (DLS) 
The sizes of the mag-NIP and mag-MIP particles were determined using DLS, and the 
results are as tabulated in Table 6.2. The sizes of the two products were not significantly 
different (p < 0.05), averaging 700-800 nm, with low polydispersity. The presence of the 
RNase A template molecules in the polymerization reaction mixture did not have a 
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significant effect on the sizes of the polymeric beads, other than a slight increase in the 
polydispersity. This was expected since miniemulsion polymerization has long been 
known for producing high-yield, monodispersed polymeric particles. The sizes of the 
polymeric particles prepared in this work were ~ 20 times larger than that obtained in our 
previous investigation (Chapter 4). As mentioned earlier, although it is advantageous to 
prepare very small imprinted particles to achieve superior template loading and fast 
adsorption and desorption kinetics, the magnetic responsiveness of the particles, as 
determined by the amount of Fe3O4 magnetite encapsulated and thus affecting the particle 
size, should not be compromised since that is an important consideration for its 
application in a magnetic separation process. In this case, a good balance had been 
achieved for the size range of the imprinted particles obtained. 
 
 
Table 6.2 Results of the dynamic light scattering. 
 
Polymer Mean effective diameter (nm) Mean half-width (nm) Polydispersity 
Mag-NIP 737.0 52.1 0.005 








6.3.3 Morphological observation with FE-SEM and TEM  
The morphological features of the Fe3O4 magnetite, mag-NIP and mag-MIP particles 
were observed using FESEM and TEM. The FESEM image of the Fe3O4 magnetite is 
shown in Figure 6.1a. It can be seen that the magnetite particles are rather uniform, with 
sizes ranging around 20 nm. For the mag-NIP and mag-MIP particles, as seen from the 
FESEM images (Figure 6.1b and 6.1c), the particles were monodispersed and uniformly 
spherical, with no significant morphological differences between the non-imprinted and 
the imprinted particles. Thus, any difference in substrate loading between the two 
polymeric products would not be due to the morphological features. In addition, the TEM 
images of the polymeric products, shown in Figure 6.2, illustrate the successful 
encapsulation of the Fe3O4 magnetite. Due to the difference in the densities of the 
polymeric material and iron oxide, electron transmission through the particles would 
show different intensities when observed under the TEM. In Figure 6.2, it can be clearly 
seen that the nano-sized magnetite, which appears as the darker dots, has been 





























6.3.4 Specific surface areas and pore volumes 
Nitrogen gas sorption method was employed to measure the specific surface areas and the 
pore volumes of the mag-NIP and mag-MIP particles prepared. The results are as 
tabulated in Table 6.3. Comparing the specific surface areas, pore volumes, and pore 
diameters of the two particles through the statistical Student’s t-test, p values of 0.65, 
0.69, and 0.54 were obtained respectively (p > 0.05). This shows that the mag-NIP and 
mag-MIP particles were not significantly different in these aspects. Therefore, any 
differential protein loadings displayed by the particles would not be caused by the 
morphological distinction but the by the imprinting effect. Both particles possessed small 
pores with significantly high specific surface areas and pore volumes. They can be 
classified as mesoporous type of adsorbent. 
 
 
Table 6.3 Results from the nitrogen gas sorption measurements. 
 
Polymer Specific surface area 
(m2/g) 




Mag-NIP 96.3 ± 47.4 0.19 ± 0.17 7.06 ± 3.66 
Mag-MIP 131.1 ± 103.4 0.26 ± 0.11 9.35 ± 2.96 
 
 
6.3.5 Thermogravimetric analysis (TGA) 
TGA was employed to quantify the amount of Fe3O4 encapsulated in the polymeric 
particles. The analysis was carried out in nitrogen gas to prevent the oxidation of the 
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Fe3O4 magnetite. The TGA graph is shown in Figure 6.3. The temperature was increased 
from room temperature to 1300°C at a rate of 20 °C/min. At ~ 280°C, the poly(MMA-co-
EGDMA) polymer started to thermally decompose, accompanied by a significant loss in 
the mass of the sample. The mass loss continued up to ~ 390°C, after which the mass 
remained relatively constant for the rest of the analysis. Throughout the analysis, a total 
mass loss of 82.5 w% had been observed. The remaining mass was attributed to the more 
thermally resistant Fe3O4 magnetite, thus giving a magnetite encapsulation efficiency of ~ 
17.5 w%. Similar magnetite encapsulation efficiency of 17 w% was obtained for the 
mag-NIP particles. The achieved encapsulation efficiency was considerably high and 
satisfactory when compared to those from similar works (Lu et al., 2003; Lu et al., 2006), 
where the content of Fe3O4 averaged only 2-4 w%. This showed that the approach 
employed for Fe3O4 encapsulation in this work was effective. The oleic acid coating 









6.3.6 Vibrating sample magnetometer (VSM) characterization 
In the preparation of the mag-MIP for potential magnetic separation, it is of utmost 
importance that the material should possess sufficient magnetic susceptibility for 
practical application. On top of that, the property of superparamagnetism is also essential. 
In characterizing this property, VSM analysis was employed to study the Fe3O4 magnetite 
and both the mag-NIP and mag-MIP particles that were prepared. The magnetization 
curves from the VSM analysis are shown in Figure 6.4. All three curves have a similar 
general shape, being symmetrical about the origin. This feature is characteristic of the 
superparamagnetic property, illustrating that the materials respond magnetically to an 
external magnetic field and that this response vanishes upon the removal of the field (at 
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the origin). The key parameter to note would be the saturation magnetization (S), which 
is a measure for the maximum magnetic strength of the materials. The pristine Fe3O4 
magnetite achieved a saturation magnetization value of 58.0 emu/g, similar to that (50 
emu/g) obtained from the literature (Gupta and Gupta, 2005). After encapsulation, the S 
value of the resultant polymeric particles dropped significantly (15.4 emu/g for mag-NIP 
and 14.0 emu/g for mag-MIP). This was expected because the polymeric coating had 
effectively shielded the magnetite, thus significantly reducing its magnetic response 
toward the external magnetic field. However, there was no significant difference between 
the superparamagnetic properties of the two polymeric products. From Ma’s findings (Ma 
et al., 2005), a saturation value of 16.3 emu/g is high enough for magnetic separation 
with a conventional magnet. Thus, the saturation magnetization value achieved for the 







Figure 6.4 VSM magnetization curve of Fe3O4 magnetite (----, S = 58.0 emu/g), mag-NIP 




6.3.7 Determination of swelling ratio (SR) 
The SR values of the mag-MIP particles were determined using water as the solvent as it 
was also used for the rebinding tests. It was found that the sub-micrometer particles 
exhibited a relatively high SR of 10.10 ± 1.35, which is much higher than that obtained in 
a similar work by Lu et al. (Lu et al., 2006), which averaged 3-5. This is probably due to 
the difference in the type of monomers used. It has been illustrated that the SR value is a 
direct indication of the extent of cross-linking (Lu et al., 2006) and, hence, a useful gauge 
for the effective preservation of the imprinted cavities. However, upon the rebinding of 
protein template, which is a highly flexible macromolecule, it would be advantageous for 
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the imprinted surface to be able to undergo slight adjustments to enhance fitting of the 
template molecule to the imprinted sites and this would not be possible with an overly 
rigid polymeric matrix structure. Even so, such flexibility of the imprinted sites should 
not be so excessive that the selectivity is compromised. Additionally, a high swelling 
ratio results in enhanced mass transport process (Sellergren, 2001) and faster rebinding 
kinetics as the pores of the particles are effectively opened at the saturated swollen state 
in the solvent during the rebinding process. This is especially important for bulky 
macromolecules like proteins and is probably the reason for the high template loading 
and favorable rebinding kinetics observed in the subsequent characterizations of the mag-
MIP particles.  
 
In terms of volume swelling, the mean diameters of dried mag-NIP and mag-MIP 
particles were found to be 686.3 ± 120.3 and 687.8 ± 123.5 nm, respectively, and these 
are only slightly smaller than as observed for the swollen particles through the dynamic 
light scattering (Table 6.2). This shows that the mag-NIP and mag-MIP particles do not 
display significant volume swelling, thus illustrating sufficient cross-linking and 
mechanical stability of the particles for practical application. 
 
6.3.8 Batch rebinding test 
The mag-NIP and mag-MIP particles were subjected to batch rebinding tests with the 
template protein, RNase A, and lysozyme, Lys, as the control protein since its molecular 
weight is close to RNase A. Various initial protein concentrations were applied, and the 
results of the tests are shown in Figure 6.5. When Lys was used as the rebinding protein, 
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it can be seen from Figure 6.5a that the protein loading increased with the increase in the 
initial protein concentration. This was probably due to a more effective transport process 
at higher concentrations. The loading for mag-NIP and mag-MIP was very similar at each 
different initial concentration and there was no preferential binding of Lys to either 
polymer. This was well within expectation since Lys was the non-template protein. The 
highest Lys loadings, Qmax (at the initial concentration of 1.8 mg/mL), observed for mag-
NIP and mag-MIP were 202.43 and 224.52 mg/g, respectively. When the template 
protein, RNase A, was applied in the batch rebinding test, as seen in Figure 6.5b, the 
mag-MIP particles displayed significantly higher loading over the mag-NIP particles. The 
results illustrated the recognition property of mag-MIP toward its template protein, 
RNase A. Similarly, the protein loading increased with increasing initial concentrations, 
other than a decrease when going from 1.4 to 1.6 mg/mL. As mag-NIP particles are non-
imprinted, the RNase A adsorption can be regarded as non-specific. Since non-specific 
adsorption is generally unpredictable and can be affected by various factors, this could 
cause the unexpected decrease in the RNase A loadings. Based on the highest template 
loading observed at the initial concentration of 1.8 mg/mL, an imprinting efficiency of ~ 
2.10 had been achieved. In addition to the preferential binding, the template loading 
observed was also much higher than that reported Lu et al. (Lu et al., 2006). This could 
be attributed to the much smaller size, and thus higher surface area to volume ratio for 
adsorption, of the imprinted particles in our work. The high template loading enhances 
the application of the superparamagnetic imprinted particles as a separation medium. The 





Figure 6.5 The batch-rebinding tests (a) Lys; (b) RNase A for mag-NIP (  ) and mag-







Table 6.4 The batch and competitive rebinding tests for mag-NIP and mag-MIP with 
different proteins. 
 
 Batch rebinding test Competitive rebinding 
test 







Q (mg/g) Q (mg/g) 
mag-NIP 61.2 202.4 - 14.5 11.6 
mag-MIP 127.7 224.5 2.10 67.4 0.33 
*Imprinting efficiency = Qmax (mag-MIP) / Qmax (mag-NIP) 
 
 
6.3.9 Competitive batch rebinding study 
To further investigate the selectivity of the mag-MIP particles, the prepared imprinted 
and non-imprinted particles were also subjected to a competitive batch-rebinding study. 
In this study, Lys was again used as the competing protein. The results of the study are 
shown in Figure 6.6. For mag-NIP, the Lys and RNase A loadings were similar (between 
10 and 15 mg/g) in the competitive environment, while a much higher RNase A loading 
(67.44 mg/g) over Lys (0.33 mg/g) was observed for mag-MIP. This showed that, for the 
non-imprinted particles, there was no discrimination for or against the proteins and both 
proteins were adsorbed onto the polymer to a similar extent. On the other hand, the 
imprinted particles adsorbed the template RNase A preferentially. Not only had the 
RNase A loading increased significantly compared to that of the mag-NIP, the Lys 
loading had also appreciably decreased. In addition, the Lys loading for mag-MIP in the 
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competitive test was also much lower than in the batch-rebinding test (19.91 mg/g). This 
suggested a reduction in the non-specific adsorption of mag-MIP in a competitive assay 
and Lys had been effectively displaced by the template RNase A molecules. It was 
observed that the amount of RNase adsorbed (67 mg/g) in the competitive rebinding 
experiment is larger than that in the batch rebinding test (40 mg/g), which is a single-
protein system. In most cases, the protein loading will be suppressed in the presence of a 
competitor protein. However, there are also cases where the presence of a competitor 
actually enhances the adsorption of the protein as compared to a single-protein system as 
seen in works by Deyme et al. (Deyne et al., 1987) and Baszkin et al. (Baszkin and 
Boissonnade, 1993). This has been attributed to the possible protein-protein interaction as 
explained by Baszkin et al. (Baszkin and Boissonnade, 1994). In this work, the 
recognition property has been enhanced by the competitor Lys. In fact, in the singular 
protein system, mag-MIP adsorbed ~ 38.5 mg/g RNase A and ~ 23.8 mg/g Lys, which 
adds up to be 62.3 mg of protein/g of polymer. This value is very close to the total 
amount of proteins adsorbed by the mag-MIP in competitive rebinding tests (67.7 mg/g). 
These results illustrated the molecular recognition property imparted to the mag-MIP. 
The values of KD, α, and β were calculated and are tabulated in Table 6.5. In the presence 





Figure 6.6 The competitive rebinding test for mag-NIP and mag-MIP (  : RNase A;  : 




Table 6.5 Selectivity parameters of the polymers. 
 














mag-MIP 67.44 1.173 0.328 1.199 57.49 0.274 209.8 167.4






6.3.10 Rebinding kinetics study 
A rebinding kinetic study had been carried out for the mag-NIP and mag-MIP particles to 
determine the rate of the adsorption process. This is an essential consideration in the 
actual application of the material in a magnetic separation process. The studies were 
performed using an initial RNase A concentration of 1.8 mg/mL. The result was curve-
fitted using a sigmoidal curve and is presented in Figure 6.7. For the mag-MIP particles, 
the adsorption kinetic was fast in the first 150 min, achieving ~ 90% of the equilibrium 
RNase A loading. Beyond that, the rate of adsorption decreased significantly and 
equilibrium was reached after ~ 300 min. This is the kinetic typical for most rebinding 
processes is similar to what we had obtained previously (see Chapter 4). During the 
initial rebinding process, the presence of a large amount of empty, high-affinity binding 
sites on the surface of the particles enabled fast adsorption of RNase A molecules. When 
most binding sites were filled up, the rate of adsorption dropped significantly and the 
equilibrium protein loading was eventually achieved. Considering the bulkiness of the 
protein macromolecule with its resulting poor diffusion properties, the observed 
adsorption kinetic was favorable. As for mag-NIP particles, similar rebinding behavior 
was observed. The adsorption equilibrium was also reached within ~ 300 min. The only 
difference lies in the equilibrium RNase A loadings, where the mag-MIP particle 






Figure 6.7 RNase A rebinding kinetic of the mag-MIP (          , R2 = 0.99932) and mag-
NIP particles (----, R2 = 0.99904).  
 
 
6.3.11 Desorption kinetics study 
The desorption kinetics is an important consideration in the regeneration of the adsorbent 
material for repeated use. In this study, two different types of solvents, 100% water and 
50% acetonitrile (ACN)/50% water, were used. The results are presented in Figure 6.8. 
When 100% water was used as the desorbing solvent, although the process was 
kinetically favorable, achieving equilibrium after ~ 300 min, the adsorbed RNase A could 
not be removed effectively. At the equilibrium, only 20% of the adsorbed RNase A had 
been removed; whereas in the case of 50% ACN/50% water, ~ 75% of the adsorbed 
protein was desorbed after 24 h. This illustrated that 50% ACN/50% water is a more 
effective desorbing solvent and the finding coincides with the results obtained from our 
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earlier attempt (see section 5.3.4). In spite of that, noting that the equilibrium was not 
reached even after 24 h, the desorption kinetic was in fact not very favorable.  
 
The difference between the two solvents lies in their hydrophobicity. By having 50% 
ACN in the desorbing solvent, the hydrophobicity of the solvent was increased. As 
discussed above, the more hydrophobic solvent served as a more effective desorbing 
solvent in our case. This gave an indication that the type of interaction involved between 
the template RNase A and the mag-MIP particles could be one of a hydrophobic nature. 
Since hydrophobic interaction is less specific compared to other non-covalent interactions 
such as ionic and hydrogen bonding, it was hypothesized that the presence of the 
complementary shapes of the imprinted binding sites to the template protein molecules 
was the main mechanism for recognition and selectivity in a polar environment. The 
importance of shape-fitting in the recognition property of MIPs has been discussed in the 
literature (Mahony et al., 2005). It was believed that 100% protein recovery is possible by 
increasing the acetonitrile content of the desorbing solvent. However, this was not carried 
out to illustrate 100% protein recovery for the concern over protein denaturation upon 










In this work, monodispersed RNase A surface-imprinted particles with desired magnetic 
property for practical bioseparation were successfully synthesized. The imprinted 
particles exhibited significant recognition property and selectivity in both the aqueous 
batch and competitive rebinding tests. Recognition property displayed by the material 
prepared in an aqueous medium is invaluable to biomedical application since it is more 
similar to the biological system. To date, most research works on imprinting had focused 
on the search for various suitable functional monomers based on the templates to be 
imprinted. It has been proposed that to achieve effective imprinting through the non-
covalent approach, the type of template-monomer interaction in the pre-polymerization 
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mixture is essential. More specific interactions like electrostatic and hydrogen bonding 
have often been employed. However, from this work, it seems that hydrophobic 
interaction, which is often deemed as non-specific, together with the template-
complementary shape of the imprinted cavities created during the imprinting process, can 
provide satisfactory selectivity toward the template molecules too. This approach avoided 
solvent interference and allowed selective rebinding to be carried out in an aqueous 
system. This work will be a stepping stone in the realization of the application of 




Preparation of bovine serum albumin surface-imprinted submicron 




To date, as mentioned earlier, one of the major difficulties often associated with the 
molecular imprinting of protein macromolecules is limited diffusion due to the 
bulkiness of the template molecules. In order to ease the problem, creation of 
imprinted binding cavities on the surface of MIP (surface imprinting) is a viable 
strategy. In our continual effort of fabricating protein-imprinted polymers, we had 
previously prepared surface-imprinted nanoparticles for RNase A based on the 
partition of protein template molecules at the oil-water interface (see Chapter 4). As 
an enhancement to the protein-imprinted particles, we had successfully encapsulated 
superparamagnetic iron oxide into the imprinted particles (see Chapter 6). This 
further opened up the potential applications of the particles in the fields like magnetic 
bioseparation, cell labeling and tagging and magnetic resonance imaging (MRI). On 
the other hand, as shown in Chapter 5, although we had been successful with the 
fabrication of RNase A-imprinted nanoparticles that displayed desired selectivity 
towards the template protein, such recognition property was totally absent in the 
BSA-imprinted nanoparticles. With subsequent investigation, we concluded that the 
absence of template protein-surfactant interaction for BSA could be the cause of the 
unsuccessful imprinting attempt. This is, however, within our expectation. Given the 
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wide range of proteins with totally different properties like hydrophobicity, structural 
configuration and pI, it is not surprising that different template protein molecules will 
behave differently in a miniemulsion, thus resulting in poor imprinting efficiency for 
some proteins, just like in the case of BSA. In view of this, an alternative strategy was 
needed for the effective imprinting of BSA.  
 
Being inspired by the work of Shiomi et al. (Shiomi et al., 2005), in this work, bovine 
serum albumin (BSA) surface-imprinted particles were prepared with the 
immobilization of the template protein molecules on magnetically susceptible support 
polymeric beads based on a two-stage core-shell miniemulsion polymerization. The 
immobilization of template BSA molecules on the support particles helped to position 
the template molecules on the surface during the imprinting polymerization reaction. 
This would circumvent the lack of protein-surfactant interaction associated with BSA 
in a miniemulsion, thus allowing BSA to be imprinted on the particle surface. On top 
of that, such template immobilization strategy allows the imprinting of proteins that 
may not be soluble in the polymerization mixture and can potentially be employed as 
a generally applicable methodology for protein imprinting. Compared to the work by 
Shiomi et al., the imprinted particles were polymer-based instead of silica and the 
particle sizes were significantly reduced to increase the available surface area for a 
higher template BSA loading. In addition, magnetic susceptibility was imparted to the 




Similarly, methyl methacrylate (MMA) and ethylene glycol dimethacrylate (EGDMA) 
were employed as the functional and cross-linking monomers, respectively. Nano-
sized Fe3O4 magnetite was first prepared using a co-precipitation method and then 
encapsulated into poly(MMA-co-EGDMA) beads in the first-stage core-shell 
miniemulsion polymerization to fabricate the support polymeric beads. Following that, 
a series of surface functionalization reactions were performed to immobilize BSA 
molecules onto the support particle surface and X-ray photoelectron spectroscopy 
(XPS) was used to monitor each functionalization step. Subsequently, a second-stage 
core-shell miniemulsion polymerization was carried out to create a poly(MMA-co-
EGDMA) shell over the support particles. Finally, the template BSA molecules were 
removed through base hydrolysis. Complementary binding sites were thus created for 
the BSA on the particle surface (Figure 7.1). The imprinted particles were 
characterized by field-emission scanning electron microscopy (FESEM), transmission 
electron microscopy (TEM), laser light scattering (LLS), swelling ratio (SR) and 
nitrogen gas sorption measurements. Additionally, the magnetic property of the 
particles was measured with vibrating sample magnetometer (VSM) and the 
encapsulation efficiency of Fe3O4 was determined by thermogravimetric analysis 
(TGA). Most importantly, the adsorption characteristics of the polymeric particle 
were elucidated through batch rebinding tests, competitive batch rebinding tests and 









Figure 7.1 The surface functionalization reactions of the support particles for 




7.2 Experimental section 
7.2.1 Preparation of Fe3O4 magnetite 
Fe3O4 nanomagnetite was prepared through the co-precipitation method as described 





7.2.2 Preparation of superparamagnetic support particles 
One gram of Fe3O4 magnetite was mixed with 1.0 mL of oleic acid to obtain a black 
viscous gel. MMA (1.28 mL) and EGDMA (9.05 mL) in the molar ratio of 1:4 were 
then added to the oleic acid-coated magnetite and mixed thoroughly. The mixture was 
then ultrasonicated at 65% power level for 80 s (Sonics Vibracell VCX 130). After 
homogeneity was achieved, the resulting mixture was added dropwise into a 50 mL 
solution of 0.01 M sodium dodecyl sulfate (SDS) and 0.03 M cetyl alcohol (CA) 
which was stirred at 300 rpm. The mixture was further ultrasonicated at 65% power 
level for 90 s to create a miniemulsion. The miniemulsion was then added dropwise 
into a 600 mL of 0.05 w/v% SDS solution. This reaction mixture was transferred to a 
1 L 3-neck round bottom flask and purged with nitrogen gas for 15 min to displace 
oxygen while maintaining the temperature at 80°C. Subsequently, ammonium 
persulfate (APS, 0.5 g) was added to the reaction mixture to initiate the 
polymerization reaction. The reaction was allowed to proceed for 24 h. Upon 
completion, the polymeric support beads were washed thrice with DI water, thrice 
with 50 v% ethanol, and finally, thrice with DI water. 
 
7.2.3 Aminolysis 
One gram of the polymeric support particles were washed twice with N, N-
dimethylformamide (DMF) and re-dispersed in 20 mL of DMF. Then, 20 mL of 
ethylenediamine (EDA) was added to the mixture and magnetically stirred at 400 rpm 
for 12 h under reflux at 110°C. The amine-functionalized core particles were then 
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washed once with DI water, twice with 50 v% ethanol, and finally, twice with DI 
water.  
 
7.2.4 Aldehyde functionalization 
A buffer solution of pH 5 was prepared using acetic acid and NaOH. One gram of the 
amine-functionalized polymeric support particles were incubated in 10 mL of buffer 
solution and degassed for 10 min under room temperature. The incubating buffer was 
then removed and the particles were re-dispersed in 10 mL of fresh buffer with 5 v% 
glutaraldehyde. This reaction mixture was magnetically stirred at 400 rpm for 12 h 
under room temperature. The aldehyde-functionalized particles were then washed 
thrice with DI water as post-treatment.  
 
7.2.5 Immobilization of template BSA 
The aldehyde-functionalized polymeric particles were first washed once with 0.01 M 
phosphate buffer saline (PBS). Ten milliliters of BSA solution (2.5 mg/mL) was then 
added to 1.0 g of the aldehyde-functionalized polymeric support particles. The 
reaction mixture was magnetically stirred at 300 rpm for 3 h at 4°C. The BSA-
immobilized core particles were then washed thrice with DI water upon completion. 
 
7.2.6 Shell layer synthesis 
MMA (1.28 mL) and EGDMA (9.05 mL) were mixed with 1.0 g of the surface-
modified superparamagnetic core particles. The mixture was then ultrasonicated at 
45% power level for 90 s to ensure that it was mixed thoroughly. It was then added 
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dropwise into a 50 mL solution of 0.01 M SDS and 0.03 M CA which was 
concurrently stirred at 300 rpm. The mixture was ultrasonicated again at 45% power 
level for 110 s to generate the miniemulsion. The resulting miniemulsion was then 
added dropwise into a 600 mL of 0.05 w/v% SDS solution and was stirred at 300 rpm. 
This reaction mixture was subsequently transferred to a 1 L 3-neck round bottom 
reactor and purged with nitrogen gas for 15 min at 40°C to displace oxygen. Sodium 
bisulfite (0.25 g) followed by APS (0.25 g) was then added into the reaction mixture 
to initiate the polymerization reaction which was allowed to proceed for 24 h. Upon 
completion, the polymeric core-shell particles were washed thrice with DI water, 
thrice with 50 v% ethanol and finally thrice with DI water. 
 
7.2.7 Template removal 
After the formation of the shell layer, the immobilized template BSA molecules were 
removed by hydrolysis. Ten milliliters of 1.0 M sodium hydroxide was added to 1.0 g 
of the core-shell particles. The hydrolysis mixture was stirred at 300 rpm for 5 h 
under reflux at 35°C. The surface-imprinted particles fabricated based on 
immobilized templates (iMIP) were washed thrice with DI water and re-suspended in 
DI water for further characterization and adsorption studies. 
 
7.2.8 Preparation of non-imprinted particles from surface-modified support beads 
(iNIP) 
The corresponding non-imprinted particles (iNIP) were prepared using similar steps 
as the iMIP particles above, except for the surface immobilization of BSA templates 
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before the creation of the external shell layer. These particles served as control 
samples for comparison in further characterization studies. 
 
7.2.9 Preparation of molecularly imprinted particles from unmodified core beads 
using free template (fMIP) 
Magnetically susceptible molecularly imprinted polymer using free (non-immobilized) 
BSA template was also prepared. The magnetically susceptible polymeric support 
beads were prepared using the similar method as above. However, no subsequent 
surface modification reactions were carried out. Twenty five milligram of BSA was 
first dissolved in 10 mL of DI water. MMA (1.278 mL), EGDMA (9.054 mL) and 10 
mL of the BSA solution prepared were added to 1.0 g of the superparamagnetic core 
particles. The resulting mixture was then ultrasonicated at 45% power level for 90 s. 
A brown viscous mixture was obtained, which was then added dropwise into a 50 mL 
solution of 0.1 M SDS and 0.3 M CA. The mixture was next ultrasonicated at 45% 
power level for 110 s to create the miniemulsion. The miniemulsion was then added 
dropwise to a 600 mL of 0.05 w/v% SDS solution before being transferred to a 1 L 3-
neck round bottom flask. The reaction mixture was pre-purged with nitrogen to 
displace oxygen and was heated to 40 °C. Sodium bisulfite (0.25 g) followed by APS 
(0.25 g) were then added to initiate the reaction. With the temperature maintained at 
40°C, the reaction mixture was mechanically stirred at 300 rpm and the 
polymerization reaction was allowed to proceed for 24 h. Upon completion, the fMIP 
particles were washed twice with DI water, thrice with 10 w/v% SDS:10 v/v% acetic 
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acid solvent, thrice with 50 v% ethanol, and finally, thrice with DI water for template 
removal. 
 
7.2.10 Preparation of non-imprinted particles from unmodified core beads (fNIP) 
A corresponding non-imprinted control sample (fNIP) was prepared using the similar 
method as the fMIP preparation except for the addition of the template BSA during its 
fabrication. 
 
7.2.11 Analysis and measurement 
X-ray photoelectron spectroscopy (XPS, AXIS His-165 Ultra, Kratos Analytical, 
Shimadzu, Japan) was employed to determine the surface elementary composition of 
the support particles at each stage of surface modification. The sizes of the polymeric 
particles prepared were determined using laser light scattering (LLS) (BIC Particle 
Sizing Software 90 Plus, Brookhaven Instruments Corporation, USA). Morphological 
observation of the polymeric particles was performed with the field-emission 
scanning electron microscope (FESEM) (JSM-6700F, JEOL, USA) and the 
transmission electron microscope (TEM) (JEM-2010, JEOL, USA). 
Thermogravimetric analysis (TGA) (TGA 2050, TA Instrument, USA) was employed 
to determine the efficiency of the magnetite encapsulation within the polymeric 
particles. Lastly, the magnetic property of the polymeric particles was measured using 
the vibrating sample magnetometer (VSM) (Lakeshore 73045, Ohio, USA). As part 
of the morphological characterization, the specific surface area, pore volume and pore 
diameter measurements were carried out through a nitrogen sorption method with a 7-
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point BET (NOVA 3000 series, Quantachrome Instruments, USA) and a 20-point 
isotherm calculations. 
 
7.2.12 Determination of estimated swelling ratio (SR) 
The SR values of the fabricated particles were determined as described in section 
4.2.4 based on the relative difference of the particle swollen and dry weights. 
 
7.2.13 Batch rebinding test 
The initial BSA concentrations of the adsorption samples were varied from 1.2 – 2.0 
mg/mL. The samples were affixed onto a Rotamix (RKVS, ATR Inc.) and agitated by 
rotary (end-to-end) for 24 h at room temperature. The amount of protein adsorbed by 
the polymeric particles at the end of the runs was determined in a similar fashion as 
described in section 6.2.6. For a comparative assay, the iNIP, fMIP and fNIP were 
also subjected to the batch rebinding test. Similar tests had also been carried out with 
the non-template Lys. All tests were conducted in triplicates. 
 
7.2.14 Competitive batch rebinding test 
In the competitive batch rebinding tests, the selectivity of the imprinted particles was 
studied in a binary BSA-Lys system. The polymeric particles were subjected to a 
binary protein mixture of BSA and Lys with individual initial concentration of 1.8 
mg/mL. The adsorption mixture was rotary mixed for 24 h and analyzed in a similar 
fashion as in the batch adsorption experiments. All the competitive batch rebinding 
tests were conducted in triplicates. 
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7.2.15 Adsorption kinetics study  
The adsorption kinetics of the particles prepared was studied with an initial BSA 
concentration of 1.8 mg/mL. The adsorption runs were performed in similar manners 
to the single-protein batch rebinding tests. To determine the adsorption profiles of the 
samples, analytes were drawn at regular intervals for HPLC analysis to determine the 
BSA concentrations. The tests were conducted in triplicates. 
 
7.2.16 Statistical analysis  
Standard deviation calculations and Student’s t-test were carried out using Microsoft 
Excel (Seattle, WA) for statistical comparisons between pairs of samples. The groups 
were considered statistically different when p < 0.05. 
 
7.3 Results and discussions 
7.3.1 Preparation of the magnetically susceptible polymeric support beads 
The superparamagnetic Fe3O4 magnetite nanoparticles were first prepared using the 
co-precipitation method. Previous measurements (section 6.3.3) of the particles by 
FESEM showed that their sizes were around 20 nm. The magnetite gel was made 
hydrophobic with a coating of oleic acid which helped to enhance the penetration of 
the magnetite into the hydrophobic interior of micelles during the first-stage core-
shell miniemulsion polymerization. This strategy was successful in the fabrication of 
the magnetically susceptible support polymeric beads. Methyl methacrylate (MMA) 
has been chosen as the monomer for this preparation. It is a common monomer used 
for the oil-in-water (o/w) miniemulsion polymerization and can be applied in 
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molecular imprinting through hydrophobic interactions (as shown in Chapter 4 and 6). 
In addition, it is able to provide ester and methoxy groups for subsequent surface 
functionalization. Being a weak electron donor, the esters groups are susceptible to 
nucleophilic attack during the aminolysis substitution reaction. The addition of 
ethylene glycol dimethacrylate (EGDMA) as a crosslinker maintained the stability of 
the imprinted sites and at the same time, made the product polymeric beads easier to 
be handled and processed. 
 
7.3.2 Surface immobilization of the template BSA molecules 
Upon completing the post-synthesis processing of the support particles, they were 
subjected to a series of surface functionalization reactions as illustrated in Figure 7.1. 
X-ray photoelectron spectroscopy (XPS) was employed as the primary tool to 
monitor the reactions. Elemental wide scans were conducted and the surface atomic 
compositions are reported in Table 7.1. Fourier Transform Infrared (FTIR) 
spectroscopy was initially considered as an alternative probe for the purpose but was 
found to be not suitable because FTIR examined the bulk composition of the particles 
rather than just the surface. The success of each surface modification reaction could 
be associated with changes in the surface composition of nitrogen atoms. The 
increase in the nitrogen atomic composition from 0.00% to 0.87% after the first 
aminolysis functionalization suggested that amine groups were successfully 
introduced onto the surfaces of the polymeric support particles. An activated 
carboxylic acid derivative is usually required for the aminolysis reaction which 
involves nucleophilic acyl substitution. Nevertheless, MMA and EGDMA are capable 
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of providing activated yet thermally more stable surface ester groups for the 
nucleophilic acyl substitution reaction. This approach of introducing amine groups to 
methacrylate surfaces was adopted from work of Liu et al. (Liu et al., 2005). 
 
The amine-modified surface was subjected to further reactions to introduce aldehyde 
groups. Glutaraldehyde was chosen as the bridging agent as it possesses two terminal 
aldehyde groups. One of the aldehyde groups was reacted with the amine groups on 
the polymeric support particle surface while the other was left free. Subsequently, 
under the suitable conditions, the free surface aldehyde was reacted with free amine 
groups in the template BSA molecules [from lysine (Bonini et al., 2007), for 
example], thus successfully immobilizing BSA molecules onto the support particle 
surfaces. Both reactions involved nucleophilic addition that allowed the formation of 
imine bonds between an aldehyde and an amine groups. The reactions are reversible 












Table 7.1 The surface atomic compositions of the support particles from the XPS 
widescan spectra. 
 
Stage Elemental atomic 
composition 
 C O N 
Core surface 80.04 19.88 0.00 
–NH2 
Functionalization 75.52 23.51 0.87 
–CHO 
Functionalization 79.63 19.66 0.60 
Protein 
Immobilization 76.05 21.00 2.73 
After alkaline 




After the aldehyde functionalization, the decrease in the nitrogen composition from 
0.87% to 0.60% and an accompanying increase of carbon composition from 75.52% 
to 79.63% might be indicative of the relative increase in carbon and oxygen content 
from glutaraldehyde. The successful introduction of aldehyde groups was 
substantiated by the success of the subsequent protein immobilization process which 
required the presence of anchored, free aldehyde groups and was further ascertained 
by the deconvolution of the C1s spectrum (Figure 7.2). Although the deconvolution 
procedure is not exact, it provided some insights on the type of functional groups that 
could be found on the particle surface.  Thus the success of BSA immobilization can 
be seen by the significant increase in the nitrogen composition from 0.60% to 2.73% 
_____________________________________________________________Chapter 7 
 137
through XPS analysis. This increase was attributed to the abundant peptide bonds 
from the protein molecules.  
 
In this series of surface functionalization reactions, after modifying the particle 
surface with amine moieties, the template BSA molecules was coupled to the particle 
surfaces through bridging glutaraldehyde molecules instead of direct coupling via an 
amide bond. This is to prevent any couplings between the protein molecules. To 
ensure the success of the functionalization reactions, the products of each 
modification step were analyzed by XPS with the C1s and O1s spectrums 
deconvoluted for further analysis. The observed carbon ratio obtained for the 
unmodified support beads that contain surface ester groups is in good agreement with 
the theoretical ratio. The C-N peak from the deconvoluted C1s spectrum in Figure 
7.2a indicates successful reaction between the surface methacrylate groups and EDA 
while the deconvoluted *C=O peak in Figure 7.2b suggests the presence of free 
aldehyde groups which were available for template BSA immobilization.  
Nevertheless, the experimental carbon ratios for the amine- and aldehyde-
functionalized support particles were lower than the expected ratio for 100% 
conversion and these experimental ratios were unable to provide conclusive evidence 











Figure 7.2 Deconvoluted C1s peaks of (a) amine-functionalized and (b) aldehyde-
functionalized support particles. Peaks had their width (FWHM) kept below 1.8 eV 
beyond which there is an indication of a further component (Smith, 1994). Chi-square 






















ER (%) TR (%) 
 
44.0 40.0 58.4 50.0 57.4 54.6 
 
19.9 20.0 10.8 0.0 15.7 0.0 
 
14.6 20.0 8.7 0.0 13.0 0.0 
 
- - - - 3.4 9.1 
 
21.5 20.0 - - - - 
 
- - 14.2 33.3 10.4 27.2 
 
- - 7.9 16.7 0.1 9.1 
 aExperimental ratio. bTheoretical ratio. 
 
 
7.3.3 Synthesis of the BSA surface-imprinted particles 
An external imprinted polymeric shell was created over the BSA-immobilized 
support beads during the second-stage core-shell miniemulsion polymerization with 
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MMA and EGDMA as the functional and cross-linking monomers, respectively. 
Subsequently, the BSA-surface imine linkage was hydrolyzed to remove the template 
BSA molecules, leaving behind complementary binding sites on the particle outer 
shell. The ease of hydrolyzing the imine bond was the primary reason for its use in 
this work (Shiomi et al., 2005), with oxalic acid and sodium hydroxide being the 
common catalysts used for this reaction (Shiomi et al., 2005; Dash et al., 1985). An 
initial attempt was made to remove the template by acid hydrolysis; however, this 
resulted in the dissolution of the iron oxide in the core particles, hence alkaline 
hydrolysis was employed instead. The successful removal of the BSA molecules was 
verified by the significant reduction of nitrogen composition (Table 7.1) and the 
disappearance of the N1s peak from the XPS wide scan spectra (see Supporting 
Information Figure S1a and S1b for the spectra). Furthermore, there were no 
significant differences between the surface elemental composition of the imprinted 
(iMIP) and non-imprinted (iNIP) particles (Figure 7.3). This further verified the 








Figure 7.3 XPS wide scan spectra of (a) support core beads after protein 




Other than the imprinted particles based on immobilized template molecules (iMIP), 
three other types of particles, namely non-imprinted particles with similar surface 
functionalization (iNIP), imprinted particles with non-immobilized (or free) template 
molecules (fMIP) and non-imprinted particles without the surface modification 
(fNIP), had also been prepared. These particles were used as control samples for 
subsequent characterization studies. 
 
7.3.4 Size measurements 
The sizes of the support beads, iMIP, iNIP, fMIP and fNIP particles were determined 
using laser light scattering (LLS) and the results are as tabulated in Table 7.3. From 
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the measurement, it was found that the particles were monodispersed in size. The 
support beads sized around 350 nm while the mean effective diameters of the other 
four particles ranged from 500-600 nm. The larger sizes of the particles suggested a 
successful shell formation over the core beads. 
 
 
Table 7.3 Morphological features of the polymeric particles prepared. 
 
Polymer Mean effective 
diameter (nm)a
Polydispersity Swelling ratio 
Support beads 352.8 0.141 - 
iMIP 535.2 0.005 3.58 ± 0.78 
iNIP 580.9 0.006 2.73 ± 0.53 
fMIP 603.4 0.005 2.47 ± 0.32 
fNIP 489.6 0.060 2.41 ± 0.56 
aResults obtained from LLS measurements.  
 
 
7.3.5 Morphological observations 
Field emission scanning electron microscopy (FESEM) and transmission electron 
microscopy (TEM) were employed to observe the morphological features of the 
particles. From the FESEM images (Figure 7.4a), the polymeric support particles 
_____________________________________________________________Chapter 7 
 144
appear to be spherical in shape. Through TEM observation, due to a difference in the 
densities of the copolymer and the iron oxide, the magnetite is seen as the darker 
spots inside the support beads (Figure 7.4d). This illustrates the successful 
encapsulation of the magnetite into the core particles. Being different from the 
support core particles, the iMIP and iNIP particles were monodispersed with a unique 
‘red blood cell’ (RBC)-like morphology (Figure 7.4b and 7.4c) and there were no 
significant morphological differences between all of the particles (fMIP and fNIP 
particles also had similar morphological features, results not shown). A reduced 
amount of monomers had been used in the second-stage polymerization reaction for 
the fabrication of the RBC-like core-shell particles. With this structure, the external 
shell created would be close to the core particle surface and hence, enabling the 
formation of imprinted binding sites on the product core-shell particle surface. It is 
well known that the concave shapes of red blood cells provide maximum surface area 
per unit volume, thus facilitating gas transfer into and out of the cells. Similarly with 
the RBC-like morphology, the core-shell imprinted particles possessed high specific 
surface area for effective template uptake during adsorption processes (see discussion 
in section 7.3.10). In fact, the thickness of a polymeric shell layer can also be 
controlled through the application of controlled polymerization technique such as 
surface-initiated atom transfer radical polymerization (ATRP). However, the strategy 
used here to produce RBC-like particles proved to be a relatively simpler and more 




With similar effective diameters and morphology between the pairs of imprinted and 
non-imprinted particles (iMIP with iNIP and fMIP with fNIP), any differential protein 
uptake between the particles in the subsequent study would be due to the molecular 











    
 
 
Figure 7.4 Microscopic observation of the prepared particles. FESEM images of (a) 
support particles, (b) iMIP particles and (c) iNIP particles. (d) TEM images 







7.3.6 Swelling ratio (SR) measurements 
The SR values of the particles in water were determined based on the amount of 
water uptake. It was found that the SR values were comparable to the particles 
obtained by Lu et al. (Lu et al., 2006), which averaged between 3 – 5. As shown in 
Table 7.3, when compared to iNIP particles, the iMIP particles have a significantly 
higher SR value (p < 0.05). The exact reason for this was not known but it could 
possibly be due to the formation of binding cavities on the surfaces of the iMIP 
particles which enhanced water penetration and thus resulting in higher water uptake 
and measured SR value.  On the other hand, there were no significant differences (p > 
0.05) between the SR values of fNIP and fMIP particles. Additionally, this could be 
an indication of poor imprinting efficiency with the use of non-immobilized template 
BSA molecules for surface imprinting, as illustrated in the subsequent adsorption 
studies. 
 
7.3.7 Nitrogen sorption measurements 
Nitrogen sorption measurements had been performed for all of the particles prepared 
and the results are shown in Table 7.4. The particles did not differ significantly in 
terms of their specific surface areas, pore volumes and pore diameters (p > 0.05). The 
specific surface areas of the particles averaged around 18.0 m2/g. Compared to 
previous work (Chapter 4) where protein surface-imprinted nanoparticles of sizes 
around 40 nm had been prepared, the specific surface areas of the nanoparticles (~ 25 
m2/g) did not differ significantly from the sub-micron particles obtained here despite 
the size difference of more than 10 times. This showed that with the RBC-like 
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morphology, the particles possessed high specific surface areas for their sizes and this 
would allow high template protein loading. The pores of the particles were measured 
of relatively small sizes although they were not observable in the SEM images.  
 
By combining the results obtained from the XPS and nitrogen sorption measurements, 
a rough calculation was performed to estimate the surface density of immobilized 
template BSA molecules on the iMIP particles to be about 0.1 µmol/g of particles. 
 
 
Table 7.4 Results from the nitrogen gas sorption measurements. 
 






iNIP 18.9 ± 7.1 0.027 ± 0.006 8.57 ± 0.34 
iMIP 13.7 ± 3.3 0.030 ± 0.007 8.70 ± 0.00 
fNIP 16.1 ± 2.9 0.038 ± 0.011 9.25 ± 1.07 
fMIP 23.9 ± 1.8 0.049 ± 0.005 8.11 ± 0.28 
 
 
7.3.8 Thermogravimetric analysis (TGA) 
The amount of magnetite encapsulated in the particles was measured through TGA. 
The analysis results are presented in Figure 7.5. In this analysis, the temperature was 
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slowly increased from 25°C and when it reached around 200°C, the poly(MMA-co-
EGDMA) particles started to degrade thermally which accounted for the significant 
mass loss. The onset temperature of thermal decomposition was relatively close to 
that obtained by similar studies done by Yu et al. (Yu et al., 2004). Eventually, all of 
the copolymer was degraded, leaving behind the thermally stable Fe3O4 magnetite. 
From this study, it was found that the magnetite encapsulation efficiency for the core 
support particles was 13.28 w% (Figure 7.5a). The achieved encapsulation efficiency 
was considerably high and satisfactory when compared to those from similar works 
(Lu et al., 2003; Lu et al., 2006). On the other hand, both iMIP and iNIP particles 
displayed a lower magnetite mass percentage of 4.44 w% and 4.46 w% respectively 
(Figure 7.5b and 7.5c) than the support beads.  This was well within expectation as 
the encapsulated magnetite mass percentage relative to the overall mass of the particle 
should decrease after the formation of the external shell layer over the support core 








Figure 7.5 TGA thermogram of (a) the support core beads; (b) the iMIP particles; (c) 
the iNIP particles. 
 
 
7.3.9 Vibrating sample magnetometer (VSM) measurements 
VSM had been employed as the probe to characterize the magnetic properties of the 
particles and the results are shown in Figure 7.6. From the VSM data, the support 
core beads exhibited a saturation magnetization value (S) of 16.6 emu/g. This value 
was very close to that obtained in our previous work (Chapter 6). It was observed that 
the shapes of the magnetization curves for the particles were symmetrical about the 
origin. This is typical of superparamagnetic property which will be essential for 
future applications of the material as it enables reusability and the ease of particle 
control and monitoring. The iMIP and iNIP particles retained their superparamagnetic 
properties even after the formation of the shell layer as shown by the decrease in their 
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respective saturation magnetization values (8.0 emu/g for iNIP and 7.6 emu/g for 






Figure 7.6 The VSM magnetization curves for the core (----, S = 16.6 emu/g), iNIP 
(        , S = 8.0 emu/g) and iMIP (        , S = 7.6 emu/g) particles.  
 
 
7.3.10 Batch rebinding test 
In characterizing the adsorption behaviors of the core-shell particles, they were 
subjected to batch rebinding, competitive rebinding and adsorption kinetics studies. 
The batch rebinding tests were performed at different initial protein concentrations, 
ranging from 1.2 – 2.0 mg/mL. In addition to the template BSA, the tests were also 
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conducted using lysozyme (Lys) as the control non-template protein because Lys is 
much smaller than BSA in terms of size. The imprinted sites created for BSA will 
thus not be able to keep the competitor Lys out based on size exclusion. Hence, any 
preferential uptake of BSA over Lys will be a strong indication of the molecular 
imprinting effect. As shown in Figure 7.7a, the iMIP particles exhibited significantly 
higher BSA loadings than the counterpart control iNIP particles for all different initial 
concentrations, with the highest loading of 854 nmol/g at the initial concentration of 
1.8 mg/mL. This is a proof of the successful creation of imprinted cavities on the 
iMIP particles. From related works (Lu et al., 2006; Pang et al., 2005, 2006, 2006) 
where BSA had been used as the template for the preparation of BSA-imprinted 
microspheres through suspension polymerization, the BSA adsorption capacity 
ranged from 40-100 nmol/g. It can be seen that the iMIP particles obtained here 
displayed a significantly higher BSA loadings. It is hypothesized that this is due to 
the RBC-like morphology of the imprinted particles with its high surface area to 
volume ratio. Furthermore, the BSA loadings of iMIP particles were also generally 
higher than that for the fNIP and fMIP particles. Although the shell layers of fMIP 
particles had been created in the presence of non-immobilized BSA templates, they 
did not consistently adsorb more BSA than the control fNIP particles in the batch 
rebinding tests. In fact, the BSA loadings for fNIP and fMIP particles were not 
significantly different, illustrating the poor imprinting efficiency with the use of the 
free template strategy. When the test was conducted with Lys (Figure 7.7b), the Lys 
uptake of all the particles was random with no conclusive trend to be drawn. This was 
expected since Lys was the non-template protein and its adsorption was attributed to 
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be non-specific interactions. Generally, the Lys loadings of the particles were higher 











Figure 7.7 Results of (a) BSA batch rebinding tests, +: p < 0.05; -: p < 0.08; (b) Lys 





Based on the amount of BSA adsorbed (Q) at the initial concentration of 1.8 mg/mL, 
the imprinting efficiency had been calculated and the results are presented in Table 
7.5. It is shown that the iMIP particles achieved an imprinting efficiency of 6.51 
while the fMIP particles imprinting efficiency is only 0.94. This demonstrated the 
recognition property of the iMIP particles and the importance of template 
immobilization for the imprinting process. 
 
 
Table 7.5 Results obtained from the batch rebinding tests. 
 
Polymer Q at 1.8 mg/mL 
(nmol/g) 
Imprinting efficiencya 
iNIP 131.98 - 
iMIP 859.21 6.51 
fNIP 358.26 - 
fMIP 335.29 0.94 
 aImprinting efficiency = Q (for imprinted particles) / Q (for non-imprinted particles) 
 
 
7.3.11 Competitive batch rebinding test 
To further illustrate the recognition property of the iMIP particles, the core-shell 
particles were subjected to a binary protein competitive assay where, similarly, Lys 
was employed as the competitor protein. The results are shown in Figure 7.8. The 
iNIP particles adsorbed more Lys than BSA while iMIP particles had not only 
exhibited a higher uptake of BSA than Lys in the competitive system, the adsorption 
of the non-template Lys had been effectively suppressed. In a competitive 
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environment of protein adsorption, the adsorbent surface is usually first occupied by 
smaller proteins which have higher diffusion coefficients. Nevertheless, at later stages, 
the already adsorbed proteins will be displaced by proteins (in this case, BSA) that 
have greater affinity towards the adsorbent surface. This is known as the Vroman 
effect (Lutanie et al., 1992) and is probably responsible for the effective suppression 
of Lys adsorption observed.  This indicated the molecular affinity of iMIP particles 
for the template BSA molecules. In addition, the iMIP particles displayed a 
significantly higher BSA loading (595 nmol/g) than the iNIP particles (273 nmol/g) in 
the binary protein system. It was noteworthy that in this case, the BSA uptake of the 
iMIP particles was significantly reduced as compared to that observed in the single-
protein adsorption systems (batch rebinding tests). This was nevertheless expected 
and was attributed to the adsorption competition from the second protein. When fNIP 
and fMIP particles were subjected to the similar competitive assay (results not shown), 
the fMIP particles did not exhibit a preferential uptake of the template BSA over its 
non-imprinted counterpart iNIP particles. Instead, the two types of particles displayed 
similar BSA and Lys loadings. This further illustrated the poor imprinting efficiency 
for the fMIP particles where non-immobilized BSA had been employed in the 





Figure 7.8 Results of the competitive rebinding tests for iNIP and iMIP particles 
(        , Lys;       , BSA) at the initial concentration of 1.8 mg/ml; +: p < 0.01; *No 
significant adsorption observed. 
 
 
7.3.12 Rebinding kinetics study 
The adsorption kinetics of proteins is one of the important considerations for the 
practical application of molecularly imprinted particles in fields like biosensing and 
bioseparation. The rebinding kinetics of BSA to the particles was therefore studied in 
this investigation. The results obtained in terms of percentage completion are shown 
in Figure 7.9. In general, the observed rebinding curves for all samples are typical as 
in most adsorption processes, having a relatively high initial adsorption rate which 
decreases slowly over time to finally achieve equilibrium. It was observed that there 
was no significant variation between the rebinding kinetics for the fMIP and fNIP 
particles. This showed that there were no differences in the particles as adsorbents for 
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BSA, thus indicating that the use of free template molecules for surface imprinting 
was inefficient. For the iNIP particles, the adsorption kinetics was favourable, 
reaching the equilibrium (> 95% completion) in about 150 min. On the other hand, 
despite a display of significant molecular selectivity in the batch and competitive 
rebinding tests, the iMIP particles had surprisingly slower kinetics as compared to 
iNIP particles. For the iNIP particles, the template adsorption could be non-specific 
while for the iMIP particles, more time would probably be required for the template 
molecules to orient themselves to specifically fit into the imprinted cavities. This 
hypothesis provided a possible explanation for the slower rebinding kinetics observed 
in the iMIP particles. Furthermore, the BSA loadings of the non-imprinted particles 
were less than their imprinted counterparts, thus probably enabling the equilibrium to 






Figure 7.9 The rebinding kinetic behavior of the particles (          , iNIP;           , 




BSA surface-imprinted particles had been successfully synthesized with a two-stage 
core-shell miniemulsion polymerization. The imprinting strategy was based on the 
surface immobilization of template BSA molecules with a series of surface 
modification of the support beads. The product particles had sizes around 500 – 600 
nm. Characterization of the magnetic properties showed that sufficient magnetite was 
encapsulated and the particles displayed the desired superparamagnetic susceptibility. 
In the rebinding characterizations, an excellent template recognition property was 
displayed by the iMIP particles in the batch and competitive adsorption tests. On the 
other hand, fMIP particles which were fabricated based on non-immobilized template 
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molecules did not display the expected molecular affinity. This illustrated the 
importance of template immobilization for the success of surface imprinting. In the 
competitive adsorption environment, it can be seen that the iMIP particles prepared 
using this strategy can display highly specific recognition of BSA with no adsorption 
of the non-template proteins. Although only BSA had been employed as the target 
ligand in this investigation, this method of protein imprinting based on immobilized 
template core-shell miniemulsion polymerization shows great promise to be a general 








The major objective of this thesis is to develop a synthetic receptor material with pre-
determined selectivity towards protein molecules based on the technique of molecular 
imprinting. Due to the inherent limitations of the conventional approach of molecular 
imprinting of proteins, in this contribution, we had developed miniemulsion 
polymerization as an alternative imprinting system for the purpose. Throughout the 
project, methyl methacylate (MMA) and ethylene glycol dimethacrylate (EGDMA) 
had been applied as the functional and cross-linking monomer, respectively. The use 
of the monomers enabled the realization of hydrophobic interaction as a primary form 
of interaction for specific protein recognition in an aqueous environment. The 
following summarizes the findings and conclusions in this research project. 
 
8.1 The importance of the template protein integrity 
One of the biggest challenges in the application of molecular imprinting for protein 
molecules is the incompatibility of the template molecules with the conventional 
imprinting system. It is known that protein molecules are inherently sensitive, fragile 
and they can be easily denatured by extreme temperature and pH conditions through 
extensive distortion of their characteristic structural configurations. Nowadays, most 
research effort focus on the study of functional monomer-template complexation as it 
is believed to be a determining factor for the success of molecular imprinting. 
Nevertheless, in our opinion, the effective preservation of the template protein 
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molecules in an imprinting system is similarly essential. Thus, in the early 
development of the miniemulsion polymerization as a protein imprinting system, 
great effort was put into studying the structures of the template protein molecules in a 
miniemulsion (Chapter 3). Three factors, namely the initiation method, the high-shear 
homogenization and the surfactant system, were singled out as the possible sources of 
protein denaturation. Modifications to the system were carried out accordingly based 
on the study. A redox initiation method was adopted to prevent any undesired 
distortion of the protein conformation by other means like UV and high temperature. 
The other important modification was made to the surfactant system used. Sodium 
dodecyl sulfate (SDS) is a common surfactant applied for miniemulsion 
polymerization but at the same time, it is also known to denature proteins. To 
effectively minimize such denaturing effect by SDS, a non-ionic, polymeric 
surfactant, poly (vinyl alcohol) (PVA) was added as a co-surfactant. This helped to 
preserve the integrity of the template protein molecules during the miniemulsion 
polymerization imprinting process while allowing certain degree of interactions 
between the template molecules and the surfactant micelles for successful protein 
surface imprinting. 
 
8.2 Successful fabrication of protein surface-imprinted nanoparticles 
Based on the results of the protein conformations in a miniemulsion as studied, 
modifications to the system were made accordingly and protein surface-imprinted 
nanoparticles were successfully fabricated using the modified system (Chapter 4). 
The imprinted nanobeads sized about 40 nm and they displayed significant molecular 
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selectivity towards the template RNase A nanoparticles in aqueous single- and binary 
protein adsorption systems, achieving an imprinting efficiency of 9.21 and a relative 
separation factor of 1.82. In addition to the preferential uptake of the template RNase 
A molecules, due to the high surface area of the nanobeads, the RNase A-imprinted 
nano-adsorbents also exhibited an exceptionally high loading of the target molecules 
(as high as 744.9 mg RNase A/g adsorbent), thus making it a promising separation 
medium material for large-scale bioseparation process. The RNase A adsorption 
kinetics of the imprinted nanobeads was also studied and was found to be favorable. 
 
Imprinted nanobeads (~ 80 nm) were prepared also prepared for comparison purposes 
based on the conventional miniemulsion polymerization protocol, which was found to 
be detrimental to the structural conformation of the template protein molecules. As 
expected, the imprinted particles failed to display molecular selectivity towards the 
template protein in the rebinding runs. This illustrated the importance and necessity 
for the preservation of template structural integrity in protein imprinting. 
 
8.3 Template protein-surfactant interaction for effective imprinting 
In Chapter 4, a hypothesis was provided to explain the possible mechanism involved 
in the imprinting of template protein molecules during a miniemulsion polymerization. 
To have a better understanding of the mechanism, as presented in Chapter 5, proteins 
of different properties, namely Lys and BSA, were imprinted and the imprinted 
nanobeads were subsequently studied for their molecular recognition properties in 
adsorption experiments. The results were compared to that of the RNase A-imprinted 
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nanoparticles. It was found that for Lys, the imprinted nanobeads displayed only 
limited imprinting effect while in the case of BSA-imprinted particles, the desired 
molecular selectivity was totally absent. CD analysis was then performed to study the 
template protein-surfactant interaction. The results showed that Lys molecules 
interacted significantly with the surfactant micellar system such that their structural 
configurations were totally changed. This provided a possible explanation for the 
limited imprinting effect observed for the Lys-imprinted nanoparticles. On the other 
hand, no configurational changes were observed for BSA molecules in the mixture. 
Nevertheless, this could signify a lack of template protein-surfactant interaction. 
Based on our hypothesis, the interaction between the template protein and the 
surfactant molecules is the major force that enables the protein molecules to be 
adsorbed to the surface of the surfactant micelles and partitioned across the oil-water 
phase boundary. This adsorption and partitioning of the protein molecules will thus 
allow the complementary binding sites for the template to be formed on the 
nanoparticle surfaces upon polymerization. Thus, the poor imprinting efficiency of 
the BSA-imprinted particles can be attributed to the lack of protein-surfactant 
interaction. From our findings, it was concluded that the success of protein surface 
imprinting in a miniemulsion polymerization system is dependent on effective 
template protein-surfactant interaction. However, it would be of utmost importance 
that such interaction does not adversely affect the configurational characteristics of 
the protein molecules for successful protein imprinting. This understanding will allow 
us to better optimize the miniemulsion polymerization imprinting system, in terms of 
the surfactants used and the type of proteins to be imprinted, for its application. 
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8.4 Incorporation of superparamagnetic property 
In order to enhance the potential of the protein-imprinted particles as a bioseparation 
medium, a desired superparamagnetic property was incorporated. As shown in 
Chapter 6, iron oxide nanomagnetite was prepared and incorporated into the protein-
imprinted particles during the miniemulsion polymerization. The final particles sized 
about 700-800 nm. The fabricated particles were regularly shaped and monodispersed. 
The successful encapsulation of the iron oxide magnetite was illustrated through 
direct TEM observation. The encapsulation efficiency was satisfactorily high and the 
magnetic property was also desired. This enabled the ease of material recovery and 
generation. Most of all, the magnetically susceptible imprinted particles exhibited 
significant molecular selectivity towards the template RNase A molecules in batch 
and competitive adsorption experiments. Equipped with the desired magnetic 
susceptibility, in addition to its imparted molecular affinity, the potential scope of 
application for the material is largely widened. 
 
8.5 Alternative approach of protein surface imprinting via a 2-stage core-shell 
miniemulsion polymerization 
Up to this point, protein surface-imprinted beads had been successfully fabricated 
based on the inherent tendency of template protein molecules to interact with 
surfactant micelles and thus be adsorbed onto the micellar surface and partitioned 
across the oil-water phase boundary formed by the surfactant due to their 
amphiphilicity. Nevertheless, it is understood that different proteins behave 
differently and thus, some proteins like BSA and Lys as illustrated in Chapter 5, 
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cannot be successfully imprinted through such direct application of miniemulsion 
polymerization. So an alternative approach based on a two-stage core-shell 
miniemulsion polymerization was employed to prepare surface-imprinted particles for 
these proteins (Chapter 7). In the investigation, BSA surface-imprinted particles with 
unique RBC-like morphology were successfully fabricated. The material displayed 
significant selectivity towards the template BSA molecules in both the single-protein 
and competitive adsorption experiments. In addition to that, Fe3O4 nanomagnetite was 
encapsulated in the imprinted core-shell particles, rendering them magnetically 
susceptible. For comparison purposes, core-shell imprinted particles based on non-
immobilized BSA molecules had also been prepared and poor imprinting efficiency 
was observed for them. This result coincided with our findings from Chapter 6 that 
the direct application of miniemulsion polymerization for surface imprinting of BSA 
simply does not work and this can be probably due to the lack of protein-surfactant 
interaction which causes the BSA molecules to be unable to adsorb to the micellar 
surface. The difficulty was overcome by this alternative approach where the BSA 
template molecules were covalently immobilized onto the surface of the core particles. 
This illustrated the value of such immobilization strategy in the application of 
miniemulsion polymerization for proteins which are inherently incompatible. 
 
8.6 Suggestions for future work 
8.6.1 The epitope approach 
The epitope approach was first put forward by Rachkov et al. (Rachkov and Minoura, 
2001) for protein imprinting. Instead of using the whole protein molecule as the 
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template, a short peptide epitope that is sufficiently significant to represent the protein 
molecule is applied (Figure 8.1). With this approach, since only the peptide epitope, 
which is a small molecule, will be involved in the imprinting and the rebinding 
processes, the issue of limited diffusion often associated with the imprinting of bulky 
macromolecules can be avoided. In addition to that, such approach will be extremely 
valuable in cases where the target template proteins are difficult and expensive to 
prepare in the required quantities. Most of all, template-system compatibility has 
always been a major concern in protein imprinting due to the sensitive and flexible 





Figure 8.1 Schematic representation of the epitope approach of molecular imprinting 
(Bossi et al., 2007). 
 
 
To date, the epitope approach, though proved to be effective, has not been widely 
employed and related publications have been scarce (Nishino et al., 2006; Tai, et al., 
2005; Brown and Puleo, 2007). Most work has focused on the preparation of epitope-
imprinted polymer through thin-film fabrication and the traditional bulk imprinting 
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system. So it would be of interest to apply such approach via the miniemulsion 
polymerization system that had been developed where monodispersed, regularly 
shaped epitope-imprinted nanoparticles could be directly synthesized.   
 
One of the possible strategies to be adopted is, first of all, a suitable sequence of 
peptide from a protein molecule has to be identified. Following that, the targeted 
epitope peptide sequence can be obtained through enzymatic or chemical proteolytic 
digestion. Preparative HPLC is then required as post-treatment to purify the peptide 
required. Matrix-assisted laser desorption/ionization-time-of-flight mass spectrometry 
(MALDI-TOF MS) could be employed to verify the identity of the purified peptide 
epitope. Finally, epitope-imprinted nanoparticles for the targeted protein can be 











8.6.2 Packing the imprinted nanoparticles into columns 
Our previous investigative effort had focused on the understanding and development 
of an alternative imprinting system for the fabrication of protein surface-imprinted 
polymeric nanoparticles. From the practical application point of view, it would be of 
great interest to attempt to pack the imprinted nanoparticles into chromatographic 
columns and applied the columns in actual bioseparations so as to probe their 
properties as a separation medium. One of the biggest foreseeable challenges lies in 
the extremely high pressure associated with packing particles of sizes in nano-range. 
Special columns have to be designed to withstand such high pressure. In addition to 
that, special frits also need to be designed and custom-made for the purpose in order 
to hold the extremely small particulate packing. Protein mixtures or even actual 
biological fluid can then be eluted through the packed columns to evaluate the 
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